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 The Paleocene-Eocene Thermal Maximum (PETM) is an extensively studied global 
warming event occurring approximately 56 Ma and lasting around 200 kyr. Marked by a negative 
𝛿13C excursion from a massive influx of CO2 to the atmosphere, the PETM caused environmental 
alterations including increases in global temperature, changes in hydrology and ocean chemistry, 
and floral and faunal overturns. Evidence of these alterations during the PETM is found within 
both marine and continental basins. During the early Paleogene, the Laramide Orogeny formed a 
series of nonmarine basins within the Western Interior of the United States. Three of these basins, 
the Bighorn and Hanna Basins in Wyoming and the Piceance Basin in Colorado, are known to 
hold continuous depositional records spanning the PETM. In each of these three basins, coincident 
with the main body of the PETM, there occurs at least one unusually large, amalgamated fluvial 
sand body that is distinct from sand bodies in the underlying and overlying stratigraphy. 
 Comparatively thicker and wider PETM sand bodies necessitate both greater river 
aggradation and lateral mobility during the PETM, but the causative geomorphic mechanisms and 
environmental changes are poorly constrained. Herein, I test the hypotheses that the wider, thicker 
PETM sand bodies were generated by: (1) deeper PETM rivers; (2) enhanced sand preservation 
via transitory increases in paleoslope; and (3) reductions in clay fraction deposition in floodplains 
and commensurate loss of overbank cohesiveness. I present new and previously collected grain-
size data from the sand bodies to estimate changes in river paleoslope, and overbank grain-size 
data to compare potential changes in floodplain cohesion spanning the PETM within the three 
basins. I find little to no change in river flow depths and no change in paleoslopes spanning the 
PETM in any basin studied, nor does the clay content of floodplain strata significantly change 




generated by unusually large river channels, nor increased steepening of depositional slope, nor a 
reduction in floodplain cohesion. When combined with other studies, this lack of variation supports 
an alternative hypothesis that increased avulsion frequency drove the generation of large fluvial 
sand bodies by removal of floodplain fines. Greater avulsion frequency could have been facilitated 
by the attainment of channel-forming discharge more frequently due to a greater recurrence of 
extreme rainfall events during the PETM. Additionally, lateral mobility was possibly enhanced by 
the reduction in paleovegetation density during the PETM. This reduction in vegetation could 
result in two modifications to river behavior: increased rate of lateral movement or a greater 
avulsion frequency. Finally, I propose this phenomenon, whereby nonmarine basins preserve a 
greater proportion of coarse sediment, may be facilitating a buffering of sediment flux signals 
generated by the PETM and causing the observed time lags between the geochemical onset of the 
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Alluvial systems adjust their characteristics in response to water discharge, sediment flux, 
and base level, which are ultimately determined by a combination of tectonics, climate, and sea 
level. This study targets a major climate perturbation in the geologic past to understand how fluvial 
systems respond. Specifically, I examine fluvial systems during the early Paleogene when Earth 
experienced several ‘hyperthermal’ events. Hyperthermals are rapid global warming events that 
dramatically change the background climate state via a perturbation of the global carbon cycle. 
The Paleocene-Eocene Thermal Maximum (PETM), ~56 Ma, is one of the largest global 
hyperthermal events and is recorded in dozens of marine core sites in the world’s oceans, and a 
handful of nonmarine basins (Zachos et al., 2001; McInerney and Wing, 2011).  
Greater runoff from the continents during the PETM is inferred from increases in terrestrial 
clay deposition in the marginal marine ocean (Pagani et al., 2006; Nicolo et al., 2007; Carmichael 
et al., 2017; Figure 1). Curiously, there appears to be no equivalent increase in net basin 
sedimentation rates on land, but fluvial depositional patterns suggest greater river mobility during 
the PETM (Foreman et al., 2012; Foreman, 2014; Chen et al., 2018). Greater suspended sediment 
flux to marginal ocean environments could have been driven by increases in sediment production 
in hinterland catchments and/or greater removal of floodplain material within nonmarine basins. 
Thus, one would expect complementary upstream changes of river parameters to potentially 
include river morphology, such as channel width, height, mobility, sinuosity, overbank 
cohesiveness, and slope. Environmental responses to the PETM could feasibly have included 
changes in sediment flux, water discharge, and/or floodplain cohesiveness related to clay content 
and vegetation density (Paola et al., 1992). Existing data sets constrain changes in channel belt 




2012; Foreman, 2014; Greenberg, 2017; Dechesne et al., 2020). However, key aspects of channel 
and floodplain deposition remain unconstrained, and an inter-basin comparison of fluvial response 
is lacking.   
Fluvial sand bodies are deposits of ancient rivers and record channel histories in a particular 
location in a basin. The width of fluvial sand bodies represents a time-averaged record of lateral 
mobility, and broadly captures the channel belt (i.e., zone of lateral reworking and movement via 
meandering and avulsion) (Foreman, 2014). During the PETM researchers have documented an 
increase in sand body width, and hypothesized some combination of increase in channel mobility, 
decrease in vegetation density, and a coarsening of overbank deposition may be responsible 
(Schmitz and Pujalte, 2007; Foreman et al., 2012; Foreman, 2014; Kraus et al., 2015; Greenberg, 
2017; Dechesne et al., 2020). The vertical thickness of sand bodies reflects the aggradation and 
vertical amalgamation of river deposition, and several researchers note a thickening of sand bodies 
during the PETM (Schmitz and Pujalte, 2007; Foreman et al., 2012; Foreman, 2014; Kraus et al., 
2015; Greenberg, 2017; Dechesne et al., 2020). An increase in vertical thickness has been 
hypothesized to be related to changes in paleoslopes, increases in sediment flux, channel mobility, 
and clustering of sand bodies (Schmitz and Pujalte, 2007; Foreman et al., 2012; Foreman, 2014; 
Kraus et al., 2015; Greenberg, 2017; Dechesne et al., 2020). 
Herein I characterize grain size variation across the PETM in fluvial sand bodies and 
overbank paleosol lithofacies. I focus on reconstructing paleochannel slope and use floodplain clay 
content as a proxy for overbank erodibility to further constrain alluvial response to the PETM. I 
examine three separate Laramide basins to assess the robustness of paleoslope response and 
compare my results with the only other existing estimates spanning the PETM which are in the 




(Chen et al., 2018). The main question I will be addressing is as follows: Is there a measurable 
change in channel paleoslopes and floodplains clay content spanning the PETM across three 
different Laramide basins? Two hypotheses arise from this question: 1) fluvial systems’ 
paleoslopes will significantly alter in response to hydrologic changes caused by the PETM, and 2) 
the reduction of floodplain cohesiveness is causing the increased channel mobility observed during 
the PETM. 
In the Bighorn Basin (Wyoming), Hanna Basin (Wyoming), and Piceance Basin 
(Colorado), I determine if the environmental changes associated with the PETM significantly 
perturb the paleoslopes and overbank erodibility. To measure these two parameters, I use new and 
previously collected grain-size data and flow-depth measurements. The paleoslopes are estimated 
from the grain size at the base of channel fills and the paleoflow depth from story height 
(estimation of flow depth) using an established methodology (Trampush et al., 2014; Figure 3). 
The overbank cohesiveness is estimated by the clay fraction of the overbank deposits which are 
associated with the same stratigraphic sequence. I find little evidence for significant changes in 
river paleoslopes and no significant changes in the clay content of overbank strata spanning the 
PETM. Based on these findings, alternative hypotheses, such as that reductions in floodplain 
vegetation and increases in the frequency of channel-forming discharge (related to increased 
recurrence of extreme precipitation) are the causative mechanism behind increased sand body size 
and amalgamation, appear more likely. 
 
2. Geologic Background 
 Three basins in the western United States; the Bighorn Basin in Wyoming, the Hanna Basin 
in Wyoming, and the Piceance Basin in Colorado are the main focus of this study. These three 




continuing until around 40 Ma (DeCelles, 2004). Each basin holds records of the Paleozoic to 
Paleogene deposition, including important information on the timing and development of 
basement-cored uplifts and general characteristics of the Laramide Orogeny (Dickinson et al., 
1988; Copeland et al., 2017). Importantly, each of the basins in this study also hold a record of 
early Paleogene hyperthermal events (Koch et al., 1992; Bowen et al., 2001; Burger, 2012; 
Foreman et al., 2012; Chisholm, 2019; Dechesne et al., 2020).  
 
2.1 Geologic Setting of Laramide Basins 
Laramide basins are located in the western interior United States from northern Arizona 
and continuing through southern Montana. These basins formed during the Laramide Orogeny 
when the angle of oceanic slab subducting beneath North America became shallower starting 
approximately 75 Ma (DeCelles, 2004). This caused contractile deformation with fault bounded, 
basement-cored uplift, separated by sediment filled basins (Dickinson et al., 1988). This change to 
flat slab subduction disrupted the previous foreland basin system, which developed during the 
Sevier Orogeny over much of the Mesozoic Era (Dickinson et al., 1988; DeCelles, 2004; Lawton, 
2008). Laramide deposition, within the three basins of interest, is dominated by alluvial and 
comparatively minor lacustrine and paludal deposition for much of the Paleocene and earliest 
Eocene.  
 
2.1.1 Bighorn Basin 
The Bighorn Basin, Wyoming, USA (Figure 2) is a large sedimentary basin formed during 
the Laramide Orogeny (Late Cretaceous - middle-Paleogene). The Bighorn Basin is surrounded 




Creek Mountains to the south. These uplifts caused flexural warping of the lithosphere creating 
the basin structure, with greatest subsidence to the west of the geographic center of the basin likely 
related to the east-verging reverse fault of the Beartooth Mountains (Bown, 1980; DeCelles et al., 
1991; Clyde et al., 2007). Syntectonic sedimentation occurred as the basin subsided and sediment 
was provided by the surrounding uplifting mountains by means of alluvial fans, braided rivers, and 
meandering rivers (Kraus and Middleton, 1987; DeCelles et al., 1991; Foreman, 2014; Owen et 
al., 2017; 2019; Welch et al., 2021). This provides a thick and laterally extensive history of early 
Paleogene deposition within the basin spanning over 80 km of badlands exposure east-west and 
over 100 km of badlands exposure north-south (Bown, 1980). The basin shifted to an erosionally-
dominated system during the Oligocene and early Miocene, exposing a Paleogene sedimentary 
record as extensive badlands topography across the basin (Bown, 1980).  
The Bighorn Basin holds a surprisingly complete depositional record of the PETM and 
several subsequent hyperthermal events during the early Paleogene (Koch et al., 1992; Wing et al., 
2005; Secord et al., 2006; Abels et al., 2012; Foreman, 2014; Bowen et al., 2015). The Fort Union 
and Willwood formations are, respectively, Paleocene and Eocene in age and the latter contains 
the PETM near its base. These ages are determined from a combination of paleomagnetic studies, 
fossil assemblages, stable isotope records, and radiometric dates from ash layers (Koch et al., 1992; 
Bowen et al., 2001; Gingerich, 2001; Secord et al., 2006; Clyde et al., 2007). Geomagnetic polarity 
reversals and ash layers within the Bighorn Basin allow paleontological data to be correlated to 
specific time intervals (Secord et al., 2006; Clyde et al., 2007).  
The Fort Union and Willwood formations have three distinct facies; (1) mudrocks with 
pedogenic features interpreted as floodplain paleosol deposits, (2) heterolithic deposits of green 




splay deposits associated with avulsion events, and (3) large, continuous sheet sandstone bodies 
interpreted as trunk river channel deposits (Kraus and Middleton, 1987; Kraus et al., 2013, 
Foreman, 2014; Owen et al., 2017; 2019). The Fort Union Formation can reach up to 1700 m thick 
and contains thin bedded fluvial sandstones, conglomerates, and some shales (Gingerich, 2001). 
The base of the Willwood Formation is defined by the first laterally extensive red paleosol and the 
formation can reach up to 1400 m thick in some locations. It contains mainly fluvial sandstones 
with minor conglomerates and extensive overbank mudrock strata. The Willwood Formation has 
sheet (wide) and ribbon (narrow) sand bodies that are associated with avulsion deposits (Kraus, 
2001; Foreman, 2014). The Willwood Formation contains ubiquitous, bright red mudstone beds, 
which indicate formation in a seasonally dry and oxidizing environment and stand in stark contrast 
from the yellow and brown mudrock beds of the Fort Union Formation that indicate poorer drained 
floodplains during the Paleocene (Bown, 1980; Kraus et al., 2013). The focus of this study will be 
on the Willwood Formation in the northern Bighorn Basin (Figure 4A) as it contains the large and 
laterally continuous “Boundary Sandstone” associated with the PETM (Foreman, 2014; Figure 
5A).  
 
2.1.2 Hanna Basin 
 The Hanna Basin, Wyoming, USA (Figure 2) is a sedimentary basin with extensive 
exposure of upper Cretaceous through Eocene formations. The Hanna Basin is surrounded by 
Laramide uplifts, similar to the Bighorn Basin, with the Shirley Mountain and Freezeout 
Mountains to the north, Elk Mountain and Medicine Bow Mountains to the south, and Rawlins 
Uplift to the west (Blackstone, 1973; Lillegraven and Snoke, 1996). The main driver of basin 




faults (Brown, 1993; Wroblewski, 2003). The Hanna Basin contains a notable 12,000 m of 
sediment ranging in age from the Cambrian to the Miocene (Blackstone, 1973; Lillegraven and 
Snoke, 1996). Rapid sediment accumulation and subsidence of the basin occurred from the 
Campanian through the Eocene (Wroblewski, 2003; Dechesne et al., 2020). During the Late 
Cretaceous, water flowed eastward through the Hanna Basin from the Greater Green River Basin 
(Wroblewski, 2003). In the middle Paleocene, the uplift of the Granite Mountains and Simpson 
Ridge effectively dammed the previous fluvial systems in the east, leading to the formation of 
lacustrine deposits in the Hanna Basin (Wroblewski, 2003). The Hanna Basin differs from the 
Bighorn Basin by having higher rates of subsidence and sedimentary input causing a thick and 
relatively complete sedimentary record preserved in the middle of the basin (Dechesne et al., 
2020).  
Similar to the Bighorn Basin, the Hanna Basin holds a thick depositional record of the 
PETM; several tens of meters of strata were accumulated during the event (Chisholm, 2019; 
Dechesne et al., 2020). This study focuses on the Hanna Formation (62 – 55 Ma) which consists 
of conglomerates, sandstones, shales, and coals (Ryan, 1977; Wroblewski, 2003; Figure 4B). The 
PETM in the Hanna Basin is constrained by stable carbon isotopes from bulk organic material and 
a dense palynology record (Chisholm, 2019; Nace, 2019; Dechesne et al., 2020).  
The Hanna Basin’s Hanna Formation is split into four units (Gill et al., 1970; Wroblewski, 
2003). The first and second units are early-middle Paleocene with the lowest being distally mixed 
fluvial and estuarine paleovalley fills interpreted as the axial drainage system. The second is 
alluvial plain deposits from the proximal region (Wroblewski, 2003). The third unit is middle – 
late Paleocene and consists of mostly lacustrine deposits with carbonaceous shales and single story 




poorly exposed, but mostly consists of alluvial plain deposits with some sandy conglomeratic 
channel belts (Wroblewski, 2003). The Hanna Formation consists mostly of coals and 
carbonaceous shales alternated with siltstones and sandstones (Wroblewski, 2003; Dechesne et al., 
2020). Similar to the Bighorn Basin’s Boundary Sandstone, the Hanna Basin also has a large sand 
body informally named “Big Channel” within the PETM (Dechesne et al., 2020; Figure 5B). It 
contains multiple sand bodies that are amalgamated and internally incised with barforms, trough, 
planar, and climbing dune stratification (Dechesne et al., 2020).  
 
2.1.3 Piceance Basin 
The Piceance Basin, Colorado, USA (Figure 2) is an intermontane sedimentary basin 
formed by Laramide tectonism beginning in the Late Cretaceous through the Paleocene. It is 
surrounded by the Sawatch Mountains to the southeast, the Uinta mountains to the northwest, the 
White River Uplift to the east, and the Uncompahgre Uplift to the south-southwest. Similar to 
other Laramide basins, the Piceance was formed during the Laramide Orogeny from basement-
involved reverse thrust faults loading the adjacent lithosphere (Lorenz and Nadon, 2002; Johnson 
et al., 2003). Sediment in the basin is derived from the adjacent uplifts, mainly the Uncompahgre 
Uplift and Sawatch Range (Foreman and Rasmussen, 2016).  
Exposed within the Piceance Basin are Paleogene units, notably the Ohio Creek, Wasatch, 
and Green River formations. This study focuses on the Wasatch Formation (60 – 53 Ma) which 
contains the Paleocene and early Eocene deposits within the Piceance Basin (Foreman et al., 2012; 
Foreman and Rasmussen, 2016). The Wasatch Formation is approximately 1200 m thick and is 
thickest in the central and southern regions of the basin (Donnell, 1969; Lorenz and Nadon, 2002; 




Molina, and Shire. The Atwell Gulch Member varies from 200 to 350 m thick and contains 
lacustrine and fluvial sediments (Donnell, 1969; Johnson et al., 2003; Foreman and Rasmussen, 
2016). The nonmarine Molina Member ranges from 10 to 150 m in thickness and contains thick, 
fluvial, multi-storied sand bodies with overbank mostly consisting of sandy crevasse splay units 
and purple and brown paleosols (Foreman et al., 2012; Foreman and Rasmussen, 2016; Figures 
4C and 5C). The laterally extensive tabular conglomeratic sandstones crop out as erosion resistant 
benches (Lorenz and Nadon, 2002). The Shire Member is 180 to 2000 m thick and consists of 
minor fluvial sand bodies and mostly overbank red, pink, and purple paleosols (Donnell, 1969; 
Johnson et al., 2003; Foreman and Rasmussen, 2016). Compared to the other two members, the 
Molina Member has considerably more sand. The Atwell and Shire members each have around 
60% mudstone content and the sparse sandstones within the members are generally lenticular in 
contrast with the tabular Molina Member sandstones (Lorenz and Nadon, 2002).  
The PETM is constrained by a stable carbon isotope excursion between pollen and 
mammalian fossil localities (Johnson and May, 1978; Burger, 2007; Burger, 2012; Foreman et al., 
2012). This excursion is correlated to the lower half of the Molina Member (Foreman et al., 2012). 
Similar to the other two basins, the Molina Member consists of interconnected sheet-like sand 
bodies with thin layers of floodplain mud (Lorenz and Nadon, 2002; Foreman et al., 2012).  
 
2.2 Paleogene Hyperthermals and the PETM 
The early Paleogene is characterized by a global, long-term, greenhouse warming from the 
Paleocene into the Early Eocene Climatic Optimum punctuated with rapid spikes of global 




documented by rapid shifts in stable carbon and oxygen isotope ratios in a variety of proxy records 
(Zachos et al., 2001; McInerney and Wing, 2011; Westerhold et al., 2017). 
The most massive negative carbon isotope excursion (CIE), lasting ~200 ka, occurs on the 
cusp of the Paleocene and Eocene boundary (~56 Ma) and is known as the Paleocene-Eocene 
Thermal Maximum (PETM) (McInerney and Wing, 2011). Initially the PETM was found in the 
global marine record by a negative 𝛿13C excursion and a decrease in 𝛿18O values from planktonic 
foraminifers coupled with a benthic foraminifera extinction (Kennett and Stott, 1991). In 
continental records, a complementary negative 𝛿13C excursion was found globally in terrestrial 
basins in paleosol carbonates and mammalian tooth enamel and enabled a link between the marine 
and continental records (Koch et al., 1992; McInerney and Wing, 2011). This CIE displays an 
average excursion across all proxies from background values of -2.8‰ in the marine record and   
-4.7‰ in the continental record (McInerney and Wing, 2011). The source of the carbon is still 
debated, but the most probable cause is the destabilization of marine carbon methane clathrates 
(Lourens et al., 2005; McInerney and Wing, 2011).  
Massive influxes of carbon alter the global climate system by causing deep ocean 
acidification and global temperatures to rise. During the PETM, the ocean’s acidification is 
indicated by a rise in the calcium carbonate compensation depth (CCD) and sea surface 
temperatures increasing ~5-8ºC (Zachos et al., 2001). These global changes in ocean temperature 
and acidity possibly caused a benthic foraminiferal extinction, represented by a decrease of 30-
50% benthic foraminiferal diversity (Thomas, 1998; McInerny and Wing, 2011). Along with the 
ocean, terrestrial ecosystems experienced rapid changes, such as mammal dwarfing and floral 
turnover (Clyde and Gingerich, 1998; Wing et al., 2005). Mammals in mid-latitudes experienced 




CO2 (Clyde and Gingerich, 1998; Gingerich, 2006). Paleobotanical records show a floral turnover 
along with paleosols that indicate a decrease in mean annual precipitation (MAP) and potentially 
an increase in monsoon and/or seasonal extreme precipitation events (Wing et al., 2005; Kraus and 
Riggins, 2007; Schmitz and Pujalte, 2007). !
 
2.3 Fluvial Response 
During the PETM, there is an increased influx of terrestrial clay sediments to marginal 
marine environments observed across the globe (McInerney and Wing, 2011; Pujalte et al., 2015; 
Carmichael et al., 2017; Figure 1). This flux is associated with an increase in kaolinite at the 
Paleocene-Eocene boundary (Robert and Kennett, 1994; McInerney and Wing, 2011). Kaolinite is 
formed from weathering in warm, wet climates and is hypothesized to reflect the erosion of 
previously formed Cretaceous-aged clays (Thiry and Dupuis, 2000; McInerney and Wing, 2011). 
However, this does not indicate that the clays weathered and eroded during the short time frame 
of the PETM (Thiry and Dupuis, 2000; McInerney and Wing, 2011). The influx of clay is thought 
to be caused by an increase in seasonal extreme rainfall and fluvial discharge sending already-
formed clay into the oceans (Schmitz and Pujalte, 2007; McInerney and Wing, 2011). Generally, 
the poles and the coasts appear to have been wetter with MAP increasing 10-20% during the PETM 
(Winguth et al., 2010; McInerney and Wing, 2011). However, the mid-latitudes generally 
experienced drier conditions during the PETM with an increase in seasonality (Kraus and Riggins, 
2007; Schmitz and Pujalte, 2007; Foreman et al., 2012; Kraus et al., 2013). 
These hydrologic changes led researchers to investigate if terrestrial rivers also record this 
change. For example, in the Bighorn Basin, Foreman (2014) found a laterally continuous, thick 




Sandstone”. In contrast to many other, smaller sheet type fluvial sand bodies pre- and post-dating 
the PETM, the Boundary Sandstone can reach up to 33 m thick and can be laterally traced 12 km 
perpendicular to the mean flow direction (Foreman, 2014). Before the PETM, typical fluvial sand 
bodies thickness and width were 4.4 m and 0.75 km, respectively (Foreman, 2014). After the 
PETM, the sand bodies thickness and width decreased back to nearly pre-PETM conditions 
(Foreman, 2014). Lithofacies stay consistent from before, during, and after the PETM (Foreman, 
2014). Invariant lithofacies patterns and bar clinoforms spanning the PETM suggest that the PETM 
caused an increase in lateral mobility of channels rather than larger channels (Foreman, 2014). 
Greenberg (2017) suggested based on outcrop mapping of the fluvial sand bodies that increased 
lateral mobility was accomplished by increased avulsion reoccupations rather than increased 
meandering distances by rivers. Similar studies in basins in Wyoming, Colorado, and Spain record 
a comparable pattern of fluvial response (Schmitz and Pujalte, 2007; Foreman et al, 2012; Chen et 
al., 2018; Dechesne et al., 2020).  
Comparable to the Bighorn Basin Boundary Sandstone, the Hanna Basin contains a 
sandstone body informally termed the “Big Channel” (Dechesne et al., 2020). “Big Channel” is an 
anomalously thick and laterally extensive, amalgamated fluvial sand body that coincides with the 
PETM carbon isotope excursion in the basin and the first occurrence of Eocene pollen (Chisholm, 
2019; Dechesne et al., 2020). Similar to the Bighorn Basin there appear to be no major shifts in 
lithofacies nor bar clinoform thicknesses among PETM and non-PETM strata. Instead, the major 
change is one of greater channel-stacking and an increase in channel density during the PETM 
(Dechesne et al., 2020).  
In the Piceance Basin of Colorado, the Molina Member of the Wasatch Formation contains 




members within the formation (Donnell, 1969; Lorenz and Nadon, 2002; Johnson et al., 2003; 
Foreman et al., 2012). The PETM coincides with the onset of this shift in fluvial deposition, but 
unlike the Bighorn and Hanna basins, lithofacies within the sand bodies suggests a shift to a more 
peaked discharge regime, evidenced by greater preservation of upper flow regime sedimentary 
structures (Burger, 2012; Foreman et al., 2012).  
 
3. Methods 
New data collected from fieldwork and compiled from the literature aims to test two 
hypotheses regarding fluvial responses to hyperthermal events. The first hypothesis tested is 
whether fluvial systems’ paleoslopes are significantly altered in response to hydrologic changes 
during hyperthermal events as suggested by previous studies in alluvial basins (Chen et al., 2018; 
Barefoot et al., 2019). The second hypothesis tested assesses the proposed reduction of floodplain 
cohesiveness that allowed increased channel mobility observed during hyperthermal events 
(Foreman et al., 2012; Foreman, 2014; Kraus et al., 2015; Dechesne et al., 2020). The cohesive 
mechanism tested in this study is a decrease in clay abundance in floodplain sediments spanning 
the PETM. To evaluate these hypotheses, lithologic and stratigraphic data spanning the PETM 
were obtained from channel and overbank lithofacies in the Bighorn, Hanna, and Piceance basins. 
 
3.1 Paleoslope Analysis 
Data from amalgamated fluvial sand bodies spanning the PETM were used to estimate the 
paleoslopes of the rivers. The height of the largest simple barform within a sand body is 
representative of the flow depth (McElroy et al., 2018, Figure 3). The full clinoform height is 




Previous researchers have also used story heights, defined as a genetically related succession of 
lithofacies that fine in grain size up-section (e.g., coarse sand to fine sand) and display sedimentary 
structures indicative of waning flow strength up-section (e.g., large scale trough cross beds to 
ripple cross lamination) that is underlain by a scour surface, to constrain river flow depths (Kraus 
and Middleton, 1987). Initial compilations of the two types of estimates suggest the largest bar 
clinoforms preserve maximum flow depths of a river, commensurate with story heights (Foreman, 
unpublished data). Herein, flow depths were determined from story heights. I used a Jacobs staff 
to measure the height of the stories and the bar clinoforms. At the base of each sand body, I used 
a SciOptic grain size chart to estimate grain size. Repeat measurements by independent 
collaborators, suggest use of Mastersizer or other grain size analysis does not substantially improve 
grain size distribution (E. Hajek pers. comm.).  
Calculations of paleoslopes are based on the well-established theory that the Shield stress 
describes sediment in transport in alluvial rivers. Calculating paleoslopes is possible in fluvial 
systems because the slope and depths adjust to the grain size being put into the rivers, captured by 






where 𝜏∗  is the Shield stress, 𝜏" is the basal shear stress, 𝜌  is the density of water, 𝑅  is the 
submerged specific gravity of the sediment, 𝑔 is the gravitational acceleration, and 𝐷#$  is the 
median grain size of bed sediment. The basal shear stress is equal to 𝜌𝑔ℛ𝑆  where ℛ  is the 
hydraulic radius and 𝑆 is the water surface slope. Hydraulic radius can be substituted for average 
flow depth (𝐻) due to alluvial rivers width being far larger than river depth. The value of Shields 









In order to calculate paleoslopes, I applied the methodologies of Trampush et al. (2014). 
They studied 541 rivers from 12 different countries and 27 U.S. states creating a data set with a 
wide range of regions, environments, climatic conditions, river morphology, and minor human 
influence. Trampush et al. (2014) performed Bayesian statistical analysis on this data set to 
understand the relationship between bankfull Shields stress and Reynolds particle number. 
Trampush et al. (2014) determined a relationship between 𝑆, 𝐻"%	(bankfull height), and 𝐷#$ that 
describes sediment in transport: 
 
𝑙𝑜𝑔𝑆 = 𝛼$ + 𝛼&𝑙𝑜𝑔𝐷#$ + 𝛼'𝑙𝑜𝑔𝐻"% 
 
where 𝛼$, 𝛼&, and 𝛼' are all different coefficients that determine the impact of 𝐷#$ and 𝐻"%  on the 
slope. In the field, I determined bankfull discharge from bar clinoform height and story 
thicknesses. Grain size measurements in the field using a grain size chart, yield an estimate of 𝐷#$. 
Based on the Trampush et al. (2014) values of the coefficients, for 𝛼$ I used -2.08 ± 0.036 (1s), 
for 𝛼& I used 0.254 ± 0.016, and for 𝛼' I used -1.09 ± 0.044. These estimates are robust for slopes 
shallower than 10-2, which is to be expected in the Bighorn, Hanna, and Piceance basins alluvial 
systems. Large uncertainties are common with these equations and the most conservative 
interpretations of changes necessitate a change in slope greater than an order of magnitude.  
Variable: Definition: How it was determined: 




𝛼$  -2.08 ± 0.036 Trampush et al., 2014 
𝛼& 0.254 ± 0.016 Trampush et al., 2014 
𝛼' -1.09 ± 0.044 Trampush et al., 2014 
𝐷#$ Median grain size SciOptic grain size chart 
𝐻"% Bankfull height Story height measured with Jake staff 
Table 1: Paleoslope equation definitions 
 
 The null hypothesis for my hypothesis is as follows: the pre, during, and post PETM slopes 
and clay fines fraction will not be distinguishable from each other. To test my null hypothesis, I 
will use the Kruskal Wallis one-way analysis of variance. The Kruskal Wallis test provides a 
method to determine if one sample group dominates the other samples making them 
distinguishable from each other. It is a conservative non-parametric statistical test. 
 
3.2 Overbank Grain-Size Analysis  
Complementary to the fluvial data, I measured the grain-size distribution throughout the 
isotope section across floodplain strata for the PETM sites. I analyzed sediment samples from 
Foreman et al. (2012) and Chisholm (2019). Those studies preferentially sampled overbank strata 
by moving adjacent to the sand bodies and digging trenches to obtain fresh rock within the paleosol 
deposits for bulk organic carbon isotope analysis. They sampled at 10-30 cm resolution when 
possible, and laterally traced marker beds to create a complete composite section. From the Hanna 
Basin I compiled a total of 131 overbank samples; 9 before the PETM, 103 during the PETM, and 
19 after the PETM. From the Piceance Basin, I compiled a total of 80 overbank samples; 40 before, 




To assess the grain size variation of overbank strata, I placed small portions of each sample 
of rock into a glass vial and used a Calgon detergent and DI water mixture to break apart the 
sediments. Samples were agitated, left for approximately a month of soaking within the water and 
detergent mixture, and subsequently each sample was placed on a Vortex Genie to agitate the 
sediment again. For the samples that were resistant to breaking apart, I used a sonicator for 1-3 
hours per sample to achieve complete dispersal. This represents a slight modification of 
preparation methods used by other researchers (van de Ven, 2016). The major difference is that 
samples herein do not have the 30% hydrogen peroxide (H2O2) step to remove organic material 
(van de Ven, 2016). Based on previous studies (Foreman et al., 2012; Chisholm, 2019) the total 
amount of organic carbon is typically <<0.1%, and coal beds were excluded for the study herein. 
Crevasse splay deposits and coal deposits were excluded from this analysis in order to constrain 
grain size variation of overbank flood events. After all samples were completely disaggregated in 
the water, I performed grain size statistics on the Malvern Mastersizer 2000 automated laser 
particle-size analyzer. The variability between repeat measurements is 0.3% (D. Clark, pers. 
comm.). I have split the grain size data into three bins, clay (0.01-3.90 𝜇m), silt (3.91-62.50 𝜇m), 
and sand (62.51-250.00 𝜇m).  
 
3.3 Field Areas 
3.3.1 Bighorn Basin 
New data were collected in the field and compiled from previous studies at Sand Coulee 
and Polecat Bench areas in the Bighorn Basin. Each area contains stratigraphic sections spanning 
the PETM that are constrained from multiple studies using stable carbon isotope values from 




Magioncalda et al., 2004; Figure 6). In the Sand Coulee/Polecat Bench area, I examined 77 fluvial 
story heights total: 28 below the PETM, 24 during the PETM, and 25 after the PETM excursion. 
The stratigraphic positions of the sand bodies were constrained relative to the biostratigraphic, 
magnetostratigraphic, and stable isotopic records with the key isotope sections within Sand Coulee 
at GPS point: 44°46’15” N 108°58’47” W (Foreman, 2014). Overbank analysis focused on van de 
Ven’s (2016) section at approximately GPS point 44°46’59” N 108°52’49” W at Polecat Bench. 
van de Ven (2016) sampled the overbank adjacent to the sand bodies within the paleosol deposits 
at these locations and classifies clay as particles < 8 𝜇m, silt particles from 8-63	𝜇m, and sand 
particles from 63-2000	𝜇m.  
 
3.3.2 Hanna Basin 
 Paleoslope and overbank data were compiled from previous studies (Dechesne et al., 2020) 
and previously unpublished data spanning the PETM in the Hanna Basin from two locations, 
Hanna Draw (41°77’ N 106° 32’ W) and The Breaks (41°90’ N 106°26’ W). The stratigraphic 
sections containing the PETM in the Hanna Basin are constrained by stable carbon isotopes from 
bulk organic material and a dense palynology record (Nace, 2019; Dechesne et al., 2020; Figure 
7, 8). Fluvial sand body data were extracted from the Dechesne et al. (2020) stratigraphic sections 
with 51 total story heights measured: 11 from before the PETM, 28 during the PETM, and 12 after 
the PETM. Overbank samples were collected from the overbank deposits within the two main 





3.3.3 Piceance Creek Basin 
 The Piceance Creek Basin of Colorado contains the PETM spanning a major lithologic 
shift in fluvial deposition (Burger, 2012; Foreman et al., 2012). The hyperthermal is constrained 
by bulk organic carbon isotope values, mammalian biostratigraphy, and palynology (Johnson and 
May, 1978; Burger, 2012; Foreman et al., 2012; Figure 9, 10). The PETM is constrained at two 
stratigraphic sections associated with the lower Molina Member. One section is ~2 miles to the 
southeast of De Beque, Colorado (GPS point: N 39°16.838' W 108°11.667' / N 39°16.716' W 
108°09.633') and a second section ~6 miles to the southwest of De Beque, Colorado. A total of 46 
story heights across 1,200 km2 were measured with 11 from before the PETM, 21 during the 
PETM, and 14 after the PETM (Foreman et al., 2012). Overbank grain samples were analyzed 
from an extended stratigraphic section tied to the carbon isotope record presented originally in 
Foreman et al. (2012).  
 
4. Results 
 New flow depth and paleoslope values for Laramide basins are estimated below and 
compared with existing estimates in the discussion. Overbank grain-size variation are presented 
below and compared with previously collected data for the Bighorn Basin (van de Ven, 2016). All 





Table 2: Basins from before, during, and after the PETM with flow depth, paleoslope, and 
overbank clay content 
4.1 Paleoslopes 
When calculating the paleoslopes for the Willwood Formation within the Bighorn Basin, 
the flow depths ranged from 0.75-6.15 m with an average of 3.24 ± 1.34 (1s) m, 2.91 ± 1.23 m, 
and 2.91 ± 1.02 m from before, during and after the PETM. The median grain size varied from 
0.125-1 mm with an average of 0.5 ± 0.2 (1s) mm, 0.5 ± 0.2 mm, and 0.5 ± 0.2 mm from before, 
during, and after the PETM (Figure 11). The median values for the paleoslopes from before (n=28), 
during (n=24), and after (n=25) the PETM are as follows: 3.2x10-4, 3.9x10-4, 3.8x10-4.  The mean 
from before, during, and after the PETM are as follows: 3.9x10-4 ± 1.9x10-4(1s), 4.9x10-4 ± 3.3x10-
4, 4.2x10-4 ± 1.6x10-4. The Kruskal Wallis test provided a p-value of 0.56 indicating that it cannot 
reject the null hypothesis at the 95% confidence interval that the paleoslopes from before, during, 
and after the PETM are drawn from the same population, meaning that they are not statistically 
significant from one another. 
The flow depths for the Wasatch Formation within the Piceance Basin ranged from 0.74-




during, and after the PETM. Grain sizes at the base range from .125-1 mm with an average of 0.3 
± 0.1 (1s) mm, 0.3 ± 0.1 mm, and 0.5 ± 0.2 mm from before, during, and after the PETM (Figure 
11). The Wasatch Fm. provided comparable paleoslope values to the Willwood Formation with 
median values of 5.3x10-4 from before (n=11), 3.7x10-4 during (n=24), and 3.4x10-4 after the 
PETM (n=14). The mean values from before, during, and after the PETM are as follows: 5.8x10-4 
± 3.0x10-4 (1s), 4.0x10-4 ± 1.9x10-4, 4.1x10-4 ± 2.2x10-4. The Wasatch Formation Kruskal Wallis 
test provided a p-value of 0.18, unable to reject the null hypothesis at the 95% confidence interval, 
and again indicating that the paleoslopes throughout the PETM are indistinguishable from one 
another, meaning that they are not statistically significant from one another.  
The Hanna Basin flow depths range from 1.00-9.80 m with an average of 3.99 ± 1.96 
(1s) m, 3.43 ± 2.18 m, and 2.15 ± 0.96 m from before, during and after the PETM. Grain sizes 
range from .125-4 mm with an average of 1.1 ± 1.0 mm, 0.8 ± 0.7 mm, and 0.9 ± 0.8 mm from 
before, during, and after the PETM. The Hanna Formation median paleoslopes are 3.1x10-4, 
4.2x10-4, and 6.4x10-4 from before (n=11), during (n=28), and after the PETM (n=12) respectively. 
The mean values from before, during, and after the PETM are as follows: 3.9x10-4 ± 2.1x10-4 (1s), 
5.0x10-4 ± 3.7x10-4, 7.0x10-4 ± 3.7x10-4 (Figure 11).  The Kruskal Wallis test provided a p-value 
of 0.055 indicating that the paleoslopes from before, during, and after the PETM are not 
distinguishable and I am unable to reject the null hypothesis, meaning that they are not statistically 
significant from one another.  
Propagating uncertainty in the Trampush et al. (2014) equation and measurement 
uncertainties in the field suggests that the slope estimates’ accuracy is within an order of 
magnitude. All three basins have similar slope estimates with the Hanna Basin having overall 




Hanna and Piceance basins have a slightly wider range (Figure 11). Between the Bighorn, Hanna, 
and Piceance total paleoslope estimates, the Kruskal Wallis p-value is 0.56 indicating that the 
paleoslopes median values are indistinguishable from one another. 
 
4.2 Grain Size Analysis 
 Results from the Mastersizer laser diffraction particle size analysis are shown in Figure 7, 
8, 9, 10, 12, 13, 14 and are presented here. The mean percentage of clay in the Hanna Basin from 
before, during, and after the PETM is as follows: 26.47 ± 14.25 (1s) % (n=9), 22.43 ± 8.96% 
(n=103), and 29.65 ± 16.29% (n=19) (Figure 12). The mean percentage of clay in the Piceance 
Basin from before, during, and after the PETM is as follows: 10.71 ± 6.24 (1s) % (n=40), 10.21 ± 
5.43% (n=13), and 8.70 ± 3.05% (n=27) (Figure 12). The mean percentage of clay from Big Sand 
Coulee in the Bighorn Basin from before, during, and after the PETM is as follows: 53.31 ± 21.39 
(1s) % (n=155), 53.17 ± 18.55% (n=41), 44.28 ± 18% (n=90) (van de Ven, 2016; Figure 12). The 
mean percentage of clay from Polecat Bench in the Bighorn Basin from before, during, and after, 
the PETM is as follows: 50.59 ± 20.85 (1s) % (n=106), 51.18 ± 16.34% (n=34), 51.41 ± 21.44% 
(n=32) (van de Ven, 2016; Figure 12). Starting with the Bighorn Basin, the overbank grain sizes 
collected by van de Ven (2016) show no significant change from before, during, or after the PETM.  
The Hanna Basin and Piceance Basin follow a similar pattern. The clays in the Hanna Basin and 
Piceance Basin (Figure 12) show no change as confirmed by Kruskal Wallis tests indicating p-
values of 0.23 and 0.40 respectively. 
The highest percentage of grains from both the Hanna and Piceance basins is silt, seen in 
Figure 13. The mean percentage of silts from the Hanna Basin from before, during, and after the 




The silts in the Hanna Basin curiously give p << 0.05 which means the null hypothesis can be 
rejected. This is the only group of grains where the median values are significantly different from 
one another. The mean percentage of silts from the Piceance Basin from before, during, and after 
the PETM is as follows: 54.92 ± 16.73 (1s) % (n=40), 66.48 ± 17.49% (n=13), and 57.74 ± 14.68% 
(n=27). The silt interval groups in the Piceance Basin yield a p-value of 0.13 indicating no 
significant difference. The mean percentage of silt from Big Sand Coulee in the Bighorn Basin 
from before, during, and after the PETM is as follows: 34.94 ± 12.01 (1s) % (n=155), 36.76 ± 
10.36% (n=41), 40.57 ± 10.35% (n=90) (van de Ven, 2016). The mean percentage of silt from 
Polecat Bench in the Bighorn Basin from before, during, and after, the PETM is as follows: 37.35 
± 13.05 (1s) % (n=106), 38.27 ± 9.13% (n=34), 37.98 ± 13.17% (n=32) (van de Ven, 2016).  
The mean percentage of sands in the Hanna Basin from before, during, and after the PETM 
are as follows: 20.14 ± 17.09 (1s) % (n=9), 9.92 ± 11.95% (n=103), and 10.51 ± 7.46% (n=19). 
The mean percentage of sands in the Piceance Basin from before, during, and after the PETM are 
as follows: 35.44 ± 21.62 (1s) % (n=40), 24.34 ± 21.66% (n=13), and 33.74 ± 17.10% (n=27). 
The Hanna Basin and Piceance Basin sand (Figure 14) Kruskal Wallis p-values are 0.09 and 0.18 
respectively, insufficient to reject the null hypothesis, and again suggesting no significant change. 
The mean percentage of sand from Big Sand Coulee in the Bighorn Basin from before, during, and 
after the PETM is as follows: 11.74 ± 17.83 (1s) % (n=155), 10.07 ± 17.15% (n=41), 15.16 ± 
14.90% (n=90) (van de Ven, 2016). The mean percentage of sand from Polecat Bench in the 
Bighorn Basin from before, during, and after, the PETM is as follows: 12.06 ± 15.39 (1s) % 
(n=106), 10.56 ± 13.47% (n=34), 10.62 ± 11.53% (n=32) (van de Ven, 2016).  
Overall, the Piceance Basin is coarser than the Hanna Basin and the Bighorn Basin, with 




compared with the Piceance (van de Ven, 2016). The Bighorn Basin is the finest grained with the 
highest amount of clay (van de Ven, 2016). Clay, sand, and silt percentages tend to stay consistent 
spanning the PETM in the Hanna Basin, Piceance Basin and Bighorn Basin (van de Ven, 2016). 
 
5. Discussion 
5.1 Laramide Basin Rivers 
The Bighorn, Hanna, and Piceance are three contemporaneous basins that all formed during 
the Laramide Orogeny and accumulated sediment during the PETM. Within each basin, there are 
large rivers transporting sediment from the mountains into the basin and out towards the 
continental interior before ultimately being deposited in the Gulf of Mexico (Sharman et al., 2017). 
Here I compare and contrast the characteristics of the river deposits amongst the three basins prior 
to a more focused discussion of the PETM response. Early Paleogene deposition in the three basins 
display broad similarities, but also numerous differences in alluvial deposition amongst them. 
Broadly speaking alluvial depositional characteristics, both fluvial and floodplain, will vary due 
to subsidence, climate, sea level, and inherent autogenic properties that differ regionally (Leeder, 
1978; Allen, 1978; and Bridge and Leeder, 1979). The depositional differences amongst the basins 
in this study are most distinct in regards to fluvial sand body size, and the potential inter-basin 
causes for this baseline variability needs to be explored. Conceptually, fluvial sand bodies size is 
controlled by some combination of river channel cross-sectional area, aggradation patterns, 
floodplain characteristics, basin subsidence, baseline climate in the basin, sea level, and default 
autogenic avulsion behaviors (Leeder, 1978; Allen, 1978; and Bridge and Leeder, 1979). 
Background avulsion frequency determines the position of river channels on the floodplain which 




similarities and differences, it will be possible to identify similarities and robustness of fluvial 
response to the PETM.  
On average, the Hanna Basin contains the largest fluvial sand bodies followed by the 
Bighorn Basin, and then the Piceance Basin. One initial, very intuitive hypothesis explaining these 
differences is that larger rivers (i.e., deeper and/or wider) will be associated with larger sand body 
deposits. A means to test this is to create a ratio between the sand body thickness and reconstructed 
river bankfull depth from bar clinoforms and story heights. As the ratio between sand body 
thickness and story heights approaches 1, this would mean that the story height is the exact height 
of the sand body, (flow depth = preserved sand body). The sand body thicknesses in the Hanna 
Basin are on average 24.3 m (Dechesne et al., 2020) and the story heights are around 3.3 m (Table 
1). The typical sand body and story height thickness ratio is 7.5. The sand body thicknesses in the 
Bighorn Basin are on average 7.3 m (Foreman, 2014) and the sand body story heights, a proxy for 
flow depth, are around 3.0 m (Table 1). The ratio of sand body thickness to story heights is 2.4 in 
the Bighorn Basin. The sand body thicknesses in the Piceance Basin are around 5.2 m (Foreman 
et al., 2012) and the story heights are around 2.8 m (Table 1). The ratio of sand body thickness to 
story height in the Piceance is 1.9. The ratios in each basin do not approach unity and therefore do 
not indicate that these large sand bodies are created by unusually large rivers, however they do 
show variation among the basins. Moreover, the flow depth estimates from story heights are quite 
similar to one another, though the typical sand body thicknesses are quite different. This means 
that Hanna Basin fluvial sand bodies are not large because the rivers that deposited them were 
particularly large, but instead some other factor must be at work.  
Differing subsidence rates are commonly ascribed to cause sand body size variation in the 




summarized with the LAB model (Leeder, 1978; Allen, 1978; and Bridge and Leeder, 1979). The 
LAB model shows that with reduced tectonic subsidence and base-level fall, the generated sand 
bodies are densely amalgamated, while conversely, increased tectonic subsidence and base-level 
rise creates dispersed sand bodies within floodplain strata, all else being equal (Leeder, 1978; 
Allen, 1978; and Bridge and Leeder, 1979). Explicit subsidence models have not been performed 
for all the basins within this study, however, rock accumulation rates that can serve as a proxy for 
subsidence are available. In the Bighorn Basin these long-term rates are ~0.33 mm/year (Butler, 
1981), in the Hanna Basin ~0.5 mm/year (Wroblewski, 2003), and in the Piceance Basin ~0.34 
mm/year (Foreman and Rasmussen, 2016). The Hanna Basin has the fastest rock accumulation 
rate implying it has a potentially faster subsidence rate compared to the Bighorn and Piceance 
Basins. This suggests that the Hanna Basin has the highest subsidence rates and thus should have 
sparser, less amalgamated river sand bodies compared with the Bighorn and Piceance following 
the LAB model. However, this is not the case, as the Hanna Basin has a high vertical density of 
fluvial sand body amalgamation and thickness scaled to its flow depths. Variations in sea level or 
base level operate similarly to subsidence generating amalgamated thicker sand bodies during sea 
level fall. However, the Western Interior Seaway had regressed to the Texas Gulf Coast by the late 
Paleocene and very unlikely to have exerted influence on the Laramide basins studied herein, 
which are located over 1000 km from the coast (Dickinson et al., 1988; Lillegraven et al., 1990).  
Another straight-forward hypothesis for the varying sand body size amongst the three 
basins is related to the grain-size distribution of sediment provided from erosive catchments. If 
Laramide uplifts contain proportionally more sand-rich or bedrock exposures one would predict 
coarser sediment to be provided to the adjacent basins and larger sand bodies. In contrast, exposure 




and comparatively less sand to produce large fluvial sand bodies. Fluvial sandstone provenance 
studies in the Bighorn Basin show mainly Upper Cretaceous shales, deltaic sediments, and some 
Mesozoic siliciclastics as source areas with comparatively minor bedrock provenance (Welch et 
al., 2021). The Hanna Basin provenance of river sediments is mainly Precambrian to Cambrian in 
age, fine-grained siliciclastic to clay rich fluvial floodplain sediments (Dechesne et al., 2020). The 
Wasatch Formation in the Piceance Basin contains a uniform provenance consisting of mostly 
Cretaceous fluvio-deltaic and marine strata and some older Mesozoic siliciclastics (Foreman and 
Rasmussen, 2016). Seeing as all three basins have differing sand-body sizes but very similar fine-
grained river deposits (i.e., predominantly reworked Sevier foreland strata), the hypothesis can be 
refuted.  
All else (e.g. rainfall, vegetation, provenance, sea level) being equal and under constant 
subsidence conditions, one might predict that increases in the deposition and thickness of fluvial 
deposits will correspond with a steepening of paleoslopes. At the basin scale, greater aggradation 
would produce a wedge-shaped, coarse-grained unit that thickens towards the source area. Slope 
formation is on the timescale of 10-100’s of years (Brunsden and Kesel, 1973; Jerolmack and 
Mohrig, 2007). While the Molina Member of the Piceance Basin appears to thicken towards the 
sediment source in the Sawatch Range (Johnson et al., 2003), each Laramide basin herein has a 
similar sized paleoslope data set (46-77 total story heights) with surprisingly similar paleoslope 
values (Kruskal Wallis; p-value > 0.05). If paleoslopes were the primary control on sand body 
thickness, the Hanna Basin should display the steepest slopes. Yet, no differences amongst the 
basins were observed. Thus, this hypothesis must be rejected because the sand bodies are thicker, 




Sand body size is also affected by two major factors related to channel dynamics, channel 
aggradation and lateral mobility. Channel aggradation is related to avulsion processes, wherein the 
river perches above the floodplain (Mohrig et al., 2000), and lateral mobility linked to both lateral 
avulsion and channel migration (Jerolmack and Mohrig, 2007). If larger sand bodies are not caused 
by simple slope aggradation in the Laramide basins, they may be avulsing or meandering at 
different rates in the different basins preferentially exporting fine-grained sediment and retaining 
coarse-grained sediment. This ultimately could be related to differences in overbank cohesion. 
 Avulsion and lateral mobility are influenced by cohesion of the overbank, floodplain clay 
content, vegetation, and floodplain drainage. Floodplains with less clay, sparser vegetation, and 
better drainage will likely be associated with more mobile channels and more extensive fluvial 
sand body deposition (Tal and Paola, 2010; Wickert et al., 2013). This hypothesis can be tested 
using data sets from previous studies and overbank grain size analyses determined by this study. 
Overbank lithofacies in the Bighorn Basin are generally dominated by red and orange beds and 
are carbonate nodule-rich indicating well-drained conditions with MAP values around 123 cm/year 
based on leaf analysis (Kraus, 1999, Wing et al., 2005). Lithofacies in the Hanna Basin are swampy 
with high amounts of coal and carbonaceous shales, suggesting poor drainage within the Basin 
(Dechesne et al., 2020). MAP values are around 108-184 cm/year based on leaf analysis (Schmidt 
et al., 2019). The Piceance Basin lithofacies are commonly purple in color with rare carbonate 
nodules indicating poor drainage with MAP values around 150 cm/year based on soil isotope 
geochemistry (Lorenz and Nadon, 2002; Lesko, 2019). The purple beds in the Piceance are 
commonly associated with less oxic conditions and poor drainage while red and orange beds in 
the Bighorn Basin are indicative of oxygenated soils that have good drainage conditions. Based on 




have larger MAP. However, the MAP values in all three basins are all within the same range, so 
no conclusions can be drawn from averaged MAP values, and other mechanisms must be causing 
the difference in sand body size.  
Floodplain cohesion is controlled by grain size (Edmonds and Slingerland, 2010; Dunne 
and Jerolmack, 2019). With higher amounts of clay, there should be better cohesion of the 
overbank and worse drainage overall in the basin (Dunne and Jerolmack, 2019). Looking at 
overbank grain sizes grouped by cohesive (clay fraction) and non-cohesive (silt + sand fraction) 
yields the following pattern: The Bighorn Basin contains the highest amount of inferred cohesion 
with 50.5% total clay content (van de Ven, 2016). The Hanna Basin has the next highest inferred 
cohesion with 23.7% clay. The Piceance Basin has the lowest inferred cohesion with 9.9% clay. 
This is not the case in the Bighorn Basin as the clay content is higher, and the drainage is better 
than the other two basins. The quantitative clay content within each basin is incongruent with the 
hypothesis that in general, grain size is the dominant control on channel mobility. Thus, other 
mechanisms or conditions must be responsible for the higher rates of avulsion.  In addition to 
drainage and clay content, vegetation within the three basins plays a role in floodplain stability. In 
each of the three Laramide Basins, similar pollen assemblages are found, with Alnipollenites, 
Caryapollenites, and Ulmipollenites as the dominant pollens spanning the late Paleocene and early 
Eocene (Johnson and May, 1978; Harrington, 2001; Pew, 2014). This implies that the Laramide 
basins had generally similar vegetation species spanning the late Paleocene and early Eocene. 
While studies of plant fossils in the Hanna Basin and Piceance Basin are limited, the Bighorn Basin 





5.2 Laramide Basins River Response Spanning the PETM 
Here I will focus on the two main hypotheses. The first hypothesis pertains to 
environmental changes during the PETM altering paleoslopes. Paleoslope is ultimately determined 
by sediment flux, grain size, and water discharge, and any changes in paleoslopes spanning the 
PETM could be used to infer a change in these broad conditions. In the case of the Laramide basins 
studied herein, provenance spanning the PETM did not change, and it is assumed the grain size 
distribution of sediment provided to the basin from mountain catchments did not either (Foreman 
& Rasmussen, 2016; Dechesne et al., 2020; Welch et al., 2021). While the focus is on the three 
Laramide basins, I will also be comparing results with the Tremp-Graus Basin in Spain from a 
previous study using complementary methodologies (Chen et al., 2018).  
Conceptually, an increase in paleoslopes with the same channel size would potentially 
imply that there is more sediment flux derived from the mountains (Paola et al., 1992). Conversely, 
a decrease in paleoslope with the same water discharge would indicate that there is a decrease in 
sediment eroding from the mountains (Paola et al., 1992; Armitage et al., 2011). However, 
sediment from the source isn’t the only control of river formation and water discharge should also 
be considered. An increase in paleoslope and a decrease in water discharge (indicating smaller 
rivers) would indicate a potentially drier environment as there is less water moving the same 
amount of sediment (Paola et al., 1992; Armitage et al., 2011). If there is a decrease in slope and 
an increase in water discharge during the PETM, then the catchment could be wetter as the rivers 
are getting larger based on volume of water, but there is less sediment available to deposit and 
more sediment makes it through the basin (Paola et al., 1992; Armitage et al., 2011). Thus, a steep 
slope and a larger river would indicate a wetter environment with an increase in sediment flux, 




and a decrease in water discharge, this would then indicate a decrease in sediment flux and drier 
conditions. So, what happens if there’s no change in paleoslope or in the water discharge?  
In each Laramide basin, from before, during, and after the PETM, there is no increase or 
decrease in slope, flow depths, or variation in the catchments area, rainfall, erodibility, or 
provenance. This suggests minimal changes in sediment flux and channel-forming discharge from 
catchments. It should be noted how surprising it is to see very little change in paleoslope estimates 
from before, during, and after the PETM and little variation in paleoslope estimates from the 
Bighorn, Hanna, and Piceance basins. This is surprising since there are many environmental 
changes during the PETM that would affect river formation like, greater seasonal discharge and 
changes in vegetation. Apparently, paleoslopes are largely insensitive to these environmental 
changes. However, there is still an observed increase in sand body sizes, so some other mechanism 
must be responsible without changing the slope or flow depth. A possible reason for the larger 
sand bodies during the PETM is channel mobility and aggradation through time. In general, 
channel mobility is strongly influenced by floodplain erodibility (dictated by vegetation density, 
floodplain drainage, and floodplain clay content) as well as the peakedness of river discharge (Tal 
and Paola, 2010; Wickert et al., 2012; Dunne and Jerolmack, 2019). During the PETM, clay stays 
constant indicating that clay appears less important than vegetation density or floodplain drainage. 
More mobile rivers now seem the most likely option for increased sand body size during 
the PETM. One mechanism to get increased lateral mobility in rivers is to have a decrease in 
cohesiveness of the overbank allowing the river to erode into the overbank and avulse at higher 
rates. To decrease cohesiveness, the overbank could see an increase in less cohesive sediment like 




is little to no change in grain size. With constant grain sizes, another option for decreasing 
cohesivity of the overbank is to shift to a less densely vegetated landscape.  
Vegetation acts to reinforce the overbank of rivers through the root density, branching, 
tensile strength, plant type, and moisture content (Foreman, 2014; Kraus et al., 2015). Overall, 
vegetation stabilizes the overbank and is a control on lateral mobility. A lack of vegetation would 
decrease the overbank cohesion and cause erosion of the floodplain and allow lateral mobility to 
increase. Spanning the PETM in the Bighorn Basin, there is a well-documented floral overturn 
with very different mega and palynofloral assemblages during the PETM compared with before 
and after the PETM. Before and after the PETM, megafloras like deciduous and evergreen broad-
leaved trees, conifers, eudicots and ferns dominate the floodplains (Wing and Currano, 2013). 
During the PETM there is a distinct lack in conifers and an increase in Fabaceae plants. Palm frond 
fragments are found during the PETM as well and are rare from before and after (Wing and 
Currano, 2013). This implies a replacement of pre-PETM floodplain megafloras during the PETM 
and a turnover to a less-dense vegetation profile in the Bighorn Basin. 
In the Hanna Basin, there is also a decrease in vegetation density compared with the 
Bighorn Basin (Nace, 2019; Dechesne et al., 2020). During the PETM there was significant 
changes to the structure of plant fossils, specifically the epidermal cells (Nace, 2019). Leaf cell 
structure is directly related to the amount of light a plant receives. So, if a plant is in a shady 
environment indicative of dense vegetation, the epidermal cells will be large, more elliptical, and 
undulatory in structure (Nace, 2019). Before and after the PETM, leaf fossils follow this trend and 
are interpreted to be coming from swampy and densely forested environments (Nace, 2019). 
During the PETM, the cells do not follow this trend and are interpreted to be from a more open 




there is an overturn, or at least a decrease in vegetation, in the Hanna Basin (Schmidt et al., 2019; 
Dechesne et al., 2020).  Dominant plant fossils from before and after the PETM in the Hanna Basin 
are similar to the Bighorn Basin, with broad leafed trees, conifers, and some ferns dominating the 
overbank (Schmidt et al., 2019; Dechesne et al., 2020). During the PETM, there are minimal plant 
fossils found and are only listed in terms of abundance of morphospecies (Schmidt et al., 2019). 
During the PETM, there does seem to be a floral turnover in comparison with before and after the 
PETM, however more studies need to be conducted to confirm this hypothesis (Schmidt et al., 
2019; Nace, 2019; Dechesne et al., 2020). 
Equivalent studies in the Piceance Basin have yet to be completed. However, a study on 
the carbon preservation in the Piceance Basin shows that there is a reduction in soil organic matter 
preservation during the PETM (Denis et al., 2021). This implies higher temperatures, increased 
variability of soil moisture, and changes in clay mineralogy content (Denis et al., 2021). The 
decreased soil organic matter could be indicative of generally less vegetation in the area during the 
PETM (Denis et al., 2021). It appears as though baseline plants were similar to the Bighorn and 
Hanna Basins, with similar pollens being abundant in some layers (Foreman and Rasmussen, 
2016). Before making any conclusions on an overturn in the Piceance Basin, more studies need to 
be completed. 
Foreman (2014) and Kraus et al. (2015) discuss potential plant controls on cohesivity of 
the overbank. They suggest that a decrease in plant cover causes a decrease in water infiltration 
and an overall more exposed overbank which fosters higher erosion rates and sediment 
transportation (Kraus et al., 2015). The observed decrease in vegetation during the PETM in the 
Bighorn Basin, the likely decrease in the Hanna Basin, and the potential decrease in the Piceance 




sand bodies during the PETM. The absence of paleoslope change and clay content combined with 
the vegetation overturn makes this a likelier control of increased river mobility. Recent work by 
Greenberg (2017) indicates that this change in lateral mobility of fluvial systems was likely not 
driven by an increase in lateral migration via meandering processes, but instead lateral avulsion.  
The new data collected herein rejects the hypothesis that clay content is the dominant 
control of river deposition and by elimination, strengthens a vegetation control on river deposition 
during the PETM. Another way to increase mobility is to increase the frequency of extreme 
precipitation events. More peaked discharge regimes appear to generate greater channel 
amalgamation as compared to less peaked discharge regimes for the same total time-integrated 
water discharge (Esposito et al., 2018). More frequent attainment of bankfull discharge allows 
increased erosion of floodplain strata and preferential deposition of channel bodies (Esposito et 
al., 2018). Overall, the Bighorn Basin shows a decrease in MAP during the PETM of about 40% 
based on plant fossils and paleosol geochemistry (Wing et al., 2005; Kraus and Riggins, 2007). 
Climate modeling of the interior continental US also shows a decrease in precipitation during 
summer months (June, July, and August) of 48.4% during a high pCO2 event similar to the PETM 
(Carmichael et al, 2017). Intuitively, this would indicate a lowered frequency of rivers reaching 
bankfull height. However, climate models suggest that there is an increase in the frequency of 
seasonal extreme precipitation events in the interior continental US (Carmichael et al., 2017). 
Climate modelling shows that during a high pCO2 event, the frequency of the 99th percentile value 
of peak rainfall events (the most extreme rainfall events, i.e., 140 mm/day) over a 99-year time 
series increased from a recurrence interval in the Eocene CO2 conditions of 11 years to about 3.5 
years during the PETM CO2 conditions (Carmichael et al., 2017). The modelled increase in these 




during the PETM, but instead displayed more variable rainfall. More frequent attainment of 
bankfull discharge during these extreme events, would allow the overbank to erode and channels 
to aggrade, while maintaining the vegetation overturn to more arid-adapted plant types. Similarly, 
in the Tremp-Graus Basin in Spain, Chen et al. (2018) found slightly steeper slopes compared to 
those in the Laramide basins, and found a change in discharge and potentially a change in discharge 
frequency. Therefore, the increase in seasonal extreme precipitation events coupled with the 
vegetation overturn are likely allowing an increase in lateral mobility creating larger sand bodies 
during the PETM. 
In the absence of evidence for changes in floodplain clay content, the most likely reasons 
for increased lateral mobility are vegetation overturn and increased extreme seasonal rainfall 
events. This increase in lateral mobility, in turn, allows the rivers to avulse faster and create larger 
sand bodies during the PETM. Due to decreased bank strength the major avulsion style should be 
aggradational (i.e., presaged by crevasse splay events) rather than incisional (i.e., erosional) in 
character. In the Piceance Basin this is clearly the case (Foreman et al., 2012). In the Hanna and 
Bighorn basins avulsions appear aggradational before, during, and after the PETM (Greenberg, 
2017; Dechesne et al., 2020), but detailed quantification has yet to be completed. Now that 
additional hypothesis have been evaluated and there is a geographically robust understanding of 
how larger sand bodies are formed during the PETM, the next question to address is how the clay 
deposition rates increase in the marginal marine environment during the PETM. The erosion of 
the floodplain from the increase in lateral mobility and rainfall events causes a large amount of 
sediment to be exported to the oceans.  
The propensity for clay to be found in the marginal marine, instead of sand or silt, is caused 




are more likely to be trapped, or buffered in time, within the bedload by saltation, ripples, or dunes 
(Ganti et al., 2014). This is discussed in Duller et al. (2019) wherein they examined a case study 
of Spain’s Tremp-Graus Basin to better understand the lag time between the onset of a global 
warming event and the deposition of coarser grains within a basin and finer grains in the marginal 
marine. They determined that there is a lag of ~16.5 kyr from the onset of carbon release to the 
deposition of coarser grains (Duller et al., 2019). This time lag caused by buffering of the system 
would allow the clay from floodplains to be flushed quickly at the onset of the PETM and the 
coarser grains would be trapped within the basin potentially creating larger sand bodies. In the 
stratigraphic record, this would show a thick amount of clay at the PETM onset, which is exactly 
what is reflected in the real stratigraphic records seen in the marginal marine environments across 
the globe (Carmichael et al., 2017).  
Observing a similar increase in sedimentation at the PETM in four well constrained alluvial 
basins and at 19 locations in the marginal marine suggests that the sedimentation perturbation is a 
widespread, if not global, event that has implications for the carbon cycle (Carmichael et al., 2017; 
Chen et al., 2018). Along with the flux of sediment into the ocean, the increased erosion of the 
floodplains during the PETM caused a remobilization of organic matter (Lyons et al., 2019). This 
remobilization caused oxidation of the carbon within the organic matter and potentially released 
an additional 103 PgC into the atmosphere and potentially extended the duration of the PETM 
(Lyons et al., 2019). Paradoxically, when combined with the implications of this study there could 
be the possibility that with this remobilization there could be a chance of enhanced carbon 
sequestration from the burial of carbon by the increased flux of clay in marginal areas (Lyons et 
al., 2019). Essentially the same geomorphic processes releasing fossil carbon from nonmarine 




sequestering of PETM contemporaneous carbon. Studies have yet to evaluate this hypothesis, but 
I posit the sediment transport system may play an important role in the carbon cycle than originally 
conceptualized. As we enter the onset of anthropogenically forced climate change, we must 
continue to study these hydrologic and carbon cycles from the past to understand the future of our 
rapidly warming Earth.  
 
6. Conclusions 
 Overall, there is an increase in clay sediments to the marginal marine and an increase in 
sand body size spanning the PETM in three Laramide basins. The increase in sand body size is 
suggested to be caused by increased mobility of rivers. Increased mobility and deposition of fine-
grained sediments to the marginal marine environment, is concluded herein to be caused by an 
increase in seasonal extreme precipitation events and vegetation overturn. The destabilization of 
the overbanks allowed fine grained sediment to travel quickly through the hydrologic system, 
while the coarser grains lagged in the basins. Our modern climate is rapidly approaching carbon 
dioxide values similar with the PETM, and rates of CO2 emissions are already larger than during 
the PETM by at least an order of magnitude. As our climate anthropogenically warms, we can 
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Figure 1: Sediment discharge in the deep sea and the near shore during the PETM. During the 
PETM, the deep sea sees a decrease in total linear sedimentation rate (LSR) while the near shore 
sees a sharp increase in sedimentation. MS is the magnetic susceptibility and is used to identify 









Figure 2: A) Index map of the Laramide basins in the USA and the Tremp-Graus Basin in Spain. 
B) Location of the three Laramide Basins within Colorado and Wyoming. C) Location of the 
Tremp-Graus Basin. Red stars are locations of carbon isotope sections in the Bighorn Basin 
(Foreman, 2014), Hanna Basin (Dechesne et al., 2020; Chisholm, 2019), Piceance Basin (Foreman 








Figure 3: This is an idealized diagram of a sand body (gray lens) within pink, yellow, and purple 
paleosol deposits. Hbf is the bankfull height from one story occupation event. D50 was determined 







Figure 4: Example overbank sections from each basin A) Bighorn Basin, B) Hanna Basin at the 







Figure 5: Sandstone body from each basin A) Bighorn Basin from within the Boundary Sandstone 
with Jake staff as scale, B) Hanna Basin Big Channel, and C) Piceance Basin Molina Member with 





Figure 6: Stratigraphic section, isotope curve and proportion of the overbank (green is clay, the 
cohesive content and blue is silt and sand, the non-cohesive content) spanning the PETM in the 








Figure 7: Hanna Basin stratigraphic and isotope sections with the PETM shown in between the 






Figure 8: Stratigraphic section, isotope curve and proportion of the overbank (green is clay, the 
















Figure 9: Piceance Basin stratigraphic and isotope sections with the PETM shown in between the 






Figure 10: Stratigraphic section, isotope curve and proportion of the overbank (green is clay, the 




















Figure 11: Box plots of log of the slope for four sections. Box plots for the Laramide basins are 
from all samples, pre- PETM, PETM, and post- PETM. The Spain box plot does not include 







Figure 12: Box plots of the clay grain size percents from a Hanna Basin section, Piceance Basin 
section and two sections from the Bighorn Basin. Box plots are from all samples, pre- PETM, 






Figure 13: Box plots of the silt grain size percents from a Hanna Basin section, Piceance Basin 
section and two sections from the Bighorn Basin. Box plots are from all samples, pre- PETM, 







Figure 14: Box plots of the sand grain size percents from a Hanna Basin section, Piceance Basin 
section and two sections from the Bighorn Basin. Box plots are from all samples, pre- PETM, 





Formation Sand body ID Member in the Formation Relationship to PETM Flow depth (m) Median grain size (m) Paleoslope
Wasatch AGM-4 Atwell Gulch before 2.2 0.0003 0.000448692
Wasatch AGM-4 Atwell Gulch before 1.7 0.0003 0.000594291
Wasatch AGM-26 Atwell Gulch before 2.75 0.0002135 0.000322697
Wasatch AGM-29 Atwell Gulch before 1.85 0.000605 0.000647662
Wasatch AGM-34 Atwell Gulch before 1.45 0.0003 0.000706802
Wasatch AGM-37 Atwell Gulch before 3.43 0.0002135 0.000253628
Wasatch AGM-39 Atwell Gulch before 1.8 0.0002135 0.000512177
Wasatch AGM-50 Atwell Gulch before 1.65 0.000425 0.000670739
Wasatch AGM-62 Atwell Gulch before 3.1 0.0003 0.000308748
Wasatch AGM-61 Atwell Gulch before 1.59 0.000151 0.000536954
Wasatch AGM-61 Atwell Gulch before 0.74 0.0002135 0.001349598
Wasatch MM-1b Molina Member during 2.6 0.0003 0.000373997
Wasatch MM-10 Molina Member during 3 0.000605 0.000382388
Wasatch MM-1 Molina Member during 3.4 0.0003 0.000279175
Wasatch MM-1 Molina Member during 5.2 0.0002135 0.000161147
Wasatch MM-1 Molina Member during 5.5 0.0003 0.00016527
Wasatch MM-17 Molina Member during 1.35 0.0003 0.000764056
Wasatch MM-17 Molina Member during 3.5 0.0003 0.000270492
Wasatch MM-17 Molina Member during 2.6 0.0003 0.000373997
Wasatch MM-18 Molina Member during 3.2 0.000425 0.000325835
Wasatch MM-18 Molina Member during 2.4 0.000151 0.000342791
Wasatch MM-19 Molina Member during 1.6 0.0003 0.000634889
Wasatch MM-19 Molina Member during 4.3 0.0003 0.000216127
Wasatch MM-3 Molina Member during 1.3 0.0002135 0.000730245
Wasatch MM-3 Molina Member during 1.7 0.000425 0.000649264
Wasatch MM-3 Molina Member during 4.8 0.000425 0.000209439
Wasatch MM-37 Molina Member during 1.87 0.0003 0.00053565
Wasatch MM-37 Molina Member during 2.12 0.0003 0.000467178
Wasatch MM-49 Molina Member during 1.63 0.0002135 0.000570667
Wasatch MM-49 Molina Member during 1.74 0.0003 0.000579416
Wasatch MM-36 Molina Member during 4.9 0.0003 0.000187446
Wasatch MM-38 Molina Member during 3.8 0.0003 0.0002473
Wasatch SM-3 Shire Member after 1.4 0.0003 0.00073436
Wasatch SM-12 Shire Member after 1.32 0.000605 0.000935708
Wasatch SM-14 Shire Member after 3.27 0.0003 0.000291294
Wasatch SM-16 Shire Member after 1.5 0.0003 0.00068116
Wasatch SM-23 Shire Member after 3.5 0.0003 0.000270492
Wasatch SM-24 Shire Member after 4 0.000855 0.000305122
Wasatch SM-30 Shire Member after 3.65 0.0003 0.000258398
Wasatch SM-32 Shire Member after 3.2 0.000425 0.000325835
Wasatch SM-32 Shire Member after 3.3 0.000605 0.000344656
Wasatch SM-29a Shire Member after 4.85 0.0003 0.000189553
Wasatch SM-29a Shire Member after 5.75 0.000855 0.000205438
Wasatch SM-60 Shire Member after 3.17 0.000605 0.00036009
Wasatch SM-60 Shire Member after 3.1 0.000605 0.000368962
Wasatch SM-60 Shire Member after 2.65 0.000425 0.000400196
Fort Union before 1.9 0.0002135 0.000482865
Fort Union before 1.5 0.0003 0.00068116
Fort Union before 2.07 0.000425 0.000523845
Fort Union before 3.12 0.0003 0.000306592
Fort Union before 3.3 0.000425 0.000315087
Fort Union before 4.12 0.000605 0.0002706
Fort Union before 5.8 0.0003 0.000155974
Fort Union before 3.04 0.000605 0.000376907
Fort Union before 5.8 0.0003 0.000155974
Fort Union before 3 0.0003 0.000319983
Fort Union before 4.14 0.0003 0.000225247
Fort Union before 1.69 0.000425 0.000653453
Fort Union before 1.5 0.000605 0.000814004
Fort Union before 3.15 0.000605 0.000362583
Fort Union before 2.4 0.000855 0.000532463
Fort Union before 4.05 0.000605 0.000275702
Fort Union before 3.3 0.0003 0.000288409
Fort Union before 1.45 0.000425 0.000772182
Fort Union before 2.25 0.000425 0.000478335
Fort Union before 6.15 0.000425 0.000159859
Fort Union before 3.33 0.0003 0.000285578
Fort Union before 2.69 0.000425 0.000393714
Fort Union before 2.88 0.000855 0.000436497
Fort Union before 4.69 0.000425 0.000214799
Fort Union before 3.74 0.000605 0.000300702
Willwood during 4.23 0.000425 0.000240381
Willwood during 4.95 0.000605 0.000221537
Willwood during 2.95 0.000605 0.000389457
Willwood during 0.75 0.000605 0.001732803
Willwood during 2.25 0.0003 0.000437834
Willwood during 5.2 0.000425 0.000191941
Willwood during 2.8 0.0003 0.000344974
Willwood during 2.75 0.000425 0.00038436
Willwood during 2.65 0.0002135 0.000335992
Willwood during 4.68 0.000605 0.000235504
Willwood during 1.8 0.000855 0.000728572
Willwood during 2.1 0.000855 0.000615886
Willwood during 1.65 0.000425 0.000670739
Willwood during 4.58 0.000425 0.000220428
Willwood during 2.18 0.000605 0.000541562
Willwood during 2.46 0.000855 0.000518323
Willwood during 3.92 0.000855 0.000311916
Willwood during 1.58 0.000605 0.000769183
Willwood during 1.7 0.000605 0.000710193
Willwood during 3.38 0.000151 0.000236016
Willwood during 2.11 0.000425 0.00051303
Willwood during 3.27 0.000605 0.000348104
Willwood after 4 0.0003 0.000233853
Willwood after 3 0.000605 0.000382388
Willwood after 3.43 0.0003 0.000276515
Willwood after 1.95 0.000425 0.000559079
Willwood after 2.3 0.000605 0.000510837
Willwood after 3.15 0.000605 0.000362583
Willwood after 1.43 0.0003 0.000717584
Willwood after 5.3 0.000605 0.000205639
Willwood after 3.65 0.000605 0.000308792
Willwood after 2.2 0.0003 0.000448692
Willwood after 3.45 0.0003 0.000274768
Willwood after 1.85 0.0003 0.000541965
Willwood after 1.34 0.000425 0.000841524
Willwood after 1.85 0.000425 0.000592098
Willwood after 2.59 0.000605 0.000448817
Willwood after 2.68 0.000605 0.000432413
Willwood after 3.7 0.000425 0.000278145
Willwood after 2.04 0.000425 0.000532248
Willwood after 1.65 0.000425 0.000670739
Willwood after 3.38 0.000855 0.000366607
Willwood after 4.73 0.000605 0.000232792
Willwood after 3.61 0.000425 0.000285712
Willwood after 3.71 0.000855 0.000331209
Willwood after 2.37 0.000425 0.000451997
Willwood after 3.27 0.000425 0.000318239
Hanna before 3.6 0.000605 0.00031347
Hanna before 3.3 0.0003 0.000288409
Hanna before 3 0.000605 0.000382388
Hanna before 3.4 0.000605 0.000333621
Hanna before 6.4 0.000425 0.000153065
Hanna before 1.7 0.000855 0.000775408
Hanna before 2.2 0.000425 0.000490196
Hanna before 1.6 0.000605 0.000758709
Hanna before 6.6 0.003 0.000243157
Hanna before 6.8 0.003 0.000235372
Hanna before 5.3 0.001705 0.000267545
Hanna during 2 0.000151 0.000418155
Hanna during 2 0.000151 0.000418155
Hanna during 1.4 0.0003 0.00073436
Hanna during 2.6 0.001205 0.000532414
Hanna during 4 0.000425 0.000255485
Hanna during 4.6 0.000605 0.000239972
Hanna during 2.5 0.0003 0.000390332
Hanna during 1.8 0.001205 0.00079492
Hanna during 2.2 0.0002135 0.000411554
Hanna during 1 0.000425 0.001157739
Hanna during 1 0.000605 0.001266385
Hanna during 9.8 0.000605 0.000105228
Hanna during 2.6 0.003 0.000671225
Hanna during 4.4 0.0003 0.000210778
Hanna during 1.6 0.0003 0.000634889
Hanna during 5.6 0.001205 0.000230699
Hanna during 3.6 0.003 0.000470781
Hanna during 3 0.001205 0.000455521
Hanna during 1 0.001705 0.001647624
Hanna during 1.8 0.001205 0.00079492
Hanna during 7.6 0.000425 0.000126918
Hanna during 4.4 0.000425 0.000230275
Hanna during 5 0.000605 0.000219123
Hanna during 4 0.000855 0.000305122
Hanna during 2.5 0.000855 0.00050929
Hanna during 7 0.000605 0.000151848
Hanna during 5.4 0.000605 0.000201491
Hanna during 1.6 0.000151 0.000533297
Hanna after 3 0.001205 0.000455521
Hanna after 2 0.001205 0.000708676
Hanna after 3 0.001705 0.000497503
Hanna after 4.2 0.000425 0.000242253
Hanna after 3 0.0002135 0.000293498
Hanna after 1.3 0.0002135 0.000730245
Hanna after 1.2 0.000605 0.001038146
Hanna after 1.4 0.001205 0.001045421
Hanna after 2 0.0003 0.000497813
Hanna after 1.4 0.000425 0.00080229
Hanna after 2.1 0.000605 0.000564088
Hanna after 1.2 0.003 0.001559126
Tremp-Graus before 0.6 0.017 0.002766
Tremp-Graus before 1.4 0.021 0.000373
Tremp-Graus before 1.1 0.027 0.000792
Tremp-Graus before 0.7 0.027 0.002462
Tremp-Graus before 0.9 0.032 0.001447
Tremp-Graus before 0.8 0.021 0.00152
Tremp-Graus before 0.6 0.024 0.003384
Tremp-Graus before 0.6 0.02 0.003042
Tremp-Graus before 0.6 0.014 0.002469
Tremp-Graus before 0.5 0.022 0.005083
Tremp-Graus before 1 0.014 0.000685
Tremp-Graus before 0.9 0.02 0.001099
Tremp-Graus before 1.5 0.02 0.000305
Tremp-Graus before 0.6 0.021 0.00313
Tremp-Graus before 0.7 0.02 0.002066
Tremp-Graus before 0.9 0.029 0.001366
Tremp-Graus before 0.7 0.019 0.002005
Tremp-Graus before 1.4 0.019 0.000352
Tremp-Graus before 0.9 0.018 0.001034
Tremp-Graus before 2 0.028 0.00018
Tremp-Graus before 1.5 0.02 0.000305
Tremp-Graus before 1.6 0.026 0.000302
Tremp-Graus before 2.3 0.02 0.000104
Tremp-Graus before 0.7 0.017 0.001879
Tremp-Graus before 2.6 0.019 0.000074
Tremp-Graus before 1.9 0.016 0.000148
Tremp-Graus during 1 0.023 0.000916
Tremp-Graus during 1.9 0.02 0.000169
Tremp-Graus during 2.2 0.019 0.000113
Tremp-Graus during 1.3 0.02 0.000437
Tremp-Graus during 1.5 0.022 0.000323
Tremp-Graus during 0.4 0.019 0.008167
Tremp-Graus during 0.7 0.019 0.002005
Tremp-Graus during 0.8 0.02 0.001478
Tremp-Graus during 1.4 0.016 0.000318
Tremp-Graus during 1.3 0.027 0.000521
Tremp-Graus during 0.8 0.017 0.001344
Tremp-Graus during 0.7 0.019 0.002005
Tremp-Graus during 0.6 0.017 0.002766
Tremp-Graus during 1.3 0.023 0.000474
Tremp-Graus during 1.7 0.025 0.000254
Tremp-Graus during 2 0.013 0.000115
Tremp-Graus during 1 0.023 0.000916
Tremp-Graus during 2.2 0.017 0.000106
Tremp-Graus during 2.5 0.011 0.00006
Tremp-Graus during 1.6 0.013 0.000202
Tremp-Graus during 1.9 0.024 0.000188
Tremp-Graus during 2 0.021 0.000152
Basin relationship to PETMstrat height Result 0.01µm-3.90µmResult 3.91µm-15.60µmResult 15.61µm-62.50µmResult 62.51µm-250.00µmResult 25 .00µm-500.00µmResult 50 .00µm-10000.00µmResult 1 0. 0µm-2000.00µm
Hanna before 0 40.204 48.495 9.015 2.115 0.034 0 0
Hanna before 36.05 17.642 36.109 22.848 16.727 5.328 1.257 0
Hanna before 37.85 52.995 41.654 3.857 1.363 0 0 0
Hanna before 38.4 16.382 23.935 17.075 22.234 13.647 6.664 0
Hanna before 38.42 19.599 22.451 34.056 21.037 2.594 0.199 0
Hanna before 38.47 14.196 17.746 33.963 23.154 8.791 2.102 0
Hanna before 52.35 9.962 15.817 27.796 45.042 1.139 0.204 0
Hanna before 56.96 24.076 34.972 34.438 6.202 0.231 0 0
Hanna before 57.9 43.199 50.035 5.402 1.223 0 0 0
Hanna during 60.25 39.442 50.844 8.093 1.115 0.286 0.088 0
Hanna during 61.25 30.389 47.771 20.825 0.909 0 0 0
Hanna during 61.55 30.157 41.405 26.292 2.043 0 0 0
Hanna during 63.45 19.796 41.904 31.996 6.119 0.094 0 0
Hanna during 64.95 30.98 56.548 11.311 0.902 0.134 0 0
Hanna during 65.45 27.792 56.497 14.259 1.302 0.029 0 0
Hanna during 65.65 38.177 53.952 5.981 1.489 0.263 0 0
Hanna during 71.95 36.457 53.753 7.026 2.548 0.079 0 0
Hanna during 75.75 20.742 36.912 34.679 7.587 0 0 0
Hanna during 78.6 24.471 47.808 17.73 9.808 0.076 0 0
Hanna during 78.6 7.339 10.284 9.643 41.068 28.897 2.747 0
Hanna during 78.85 21.238 50.914 24.92 2.728 0.1 0 0
Hanna during 79.05 21.416 50.853 26.561 1.069 0 0 0
Hanna during 79.55 19.867 49.758 28.728 1.55 0 0 0
Hanna during 79.75 24.27 48.168 22.899 4.468 0.089 0 0
Hanna during 79.85 22.98 52.676 22.239 1.998 0 0 0
Hanna during 80.15 26.719 56.768 15.57 0.825 0 0 0
Hanna during 80.25 28.344 56.685 14.128 0.719 0 0 0
Hanna during 80.45 22.935 58.219 18.736 0 0 0 0
Hanna during 80.65 30.71 51.877 12.788 3.874 0.629 0 0
Hanna during 81.25 32.734 57.18 9.283 0.665 0 0 0
Hanna during 81.55 32.988 56.436 9.639 0.8 0 0 0
Hanna during 81.75 29.318 54.779 13.681 2.068 0.029 0 0
Hanna during 81.95 28.263 48.531 17.665 5.316 0.105 0 0
Hanna during 82.15 23.876 45.359 20.395 8.826 1.233 0.205 0
Hanna during 82.4 42.771 39.843 7.793 9.197 0.263 0 0
Hanna during 82.95 22.024 46.966 23.651 6.731 0.527 0 0
Hanna during 83.35 17.161 29.792 13.79 34.632 4.55 0 0
Hanna during 83.55 27.758 57.283 13.816 1.021 0 0 0
Hanna during 83.75 21.967 60.519 16.595 0.806 0 0 0
Hanna during 84.05 33.295 56.17 8.898 1.502 0 0 0
Hanna during 90.1 26.009 47.918 23.873 2.093 0 0 0
Hanna during 90.75 36.184 54.947 7.603 1.127 0 0 0
Hanna during 91.05 35.663 53.429 9.488 1.286 0 0 0
Hanna during 94.6 14.88 21.76 31.45 29.621 2.167 0.069 0
Hanna during 95.3 33.882 31.427 23.544 10.948 0.111 0 0
Hanna during 95.7 32.424 29.461 22.586 15.347 0.096 0 0
Hanna during 96.95 23.013 49.243 21.075 3.509 2.193 0.861 0
Hanna during 97.25 18.907 38.543 38.297 4.165 0 0 0
Hanna during 97.4 25.127 44.026 22.166 8.231 0.344 0 0
Hanna during 107.63 28.626 49.31 18.877 2.462 0.606 0.006 0
Hanna during 114.43 27.374 35.374 17.746 17.358 2.008 0.043 0
Hanna during 118.35 19.395 49.54 25.422 5.532 0.011 0 0
Hanna during 118.45 19.393 45.482 28.901 5.951 0.179 0 0
Hanna during 118.6 18.011 44.252 33.756 3.858 0.032 0 0
Hanna during 138.65 45.43 44.403 8.72 1.311 0 0 0
Hanna during 143.45 13.64 16.529 23.338 42.777 3.028 0.643 0
Hanna during 155.75 13.617 22.202 38.126 26.002 0 0 0
Hanna during 156.25 8.175 22.492 44.087 20.466 3.626 1.105 0
Hanna during 156.35 8.441 25.934 52.533 13.037 0 0 0
Hanna during 156.55 7.488 20.507 46.757 22.857 2.018 0.326 0
Hanna during 156.75 8.994 30.246 43.337 15.549 1.698 0.116 0
Hanna during 157.25 9.384 24.516 39.316 22.547 3.656 0.527 0
Hanna during 157.35 11.601 35.495 46.511 6.324 0 0 0
Hanna during 157.95 9.778 26.638 41.035 15.334 4.957 2.202 0
Hanna during 158.15 13.95 36.211 29.025 13.705 5.805 1.229 0
Hanna during 162.25 15.829 44.149 35.072 4.811 0.053 0 0
Hanna during 162.4 12.584 32.514 40.945 13.887 0 0 0
Hanna during 162.6 14.086 30.047 29.836 25.626 0.329 0.005 0
Hanna during 162.9 18.207 49.847 28.495 3.352 0 0 0
Hanna during 163.1 12.089 28.177 40.701 18.967 0 0 0
Hanna during 163.17 12.934 36.752 42.922 7.318 0 0 0
Hanna during 163.25 9.969 24.26 39.324 19.952 5.057 1.383 0
Hanna during 163.45 35.721 52.31 10.693 1.153 0 0 0
Hanna during 163.9 14.478 35.839 39.514 10.085 0 0 0
Hanna during 164.05 12.402 32.452 31.475 17.843 5.06 0.703 0
Hanna during 164.85 14.616 39.196 37.9 7.949 0.262 0 0
Hanna during 165.25 14.569 39.918 35.159 9.211 1.064 0 0
Hanna during 165.55 25.494 55.889 17.132 1.364 0 0 0
Hanna during 165.7 11.63 30.901 33.756 16.238 5.264 2.145 0
Hanna during 166.35 14.436 44.715 33.862 6.642 0.265 0 0
Hanna during 166.4 17.835 29.03 41.183 11.871 0 0 0
Hanna during 166.6 19.191 37.211 31.183 12.309 0.018 0 0
Hanna during 167.35 8.536 22.146 30.682 36.224 2.32 0.043 0
Hanna during 167.6 8.123 18.894 39.521 31.17 2.049 0.197 0
Hanna during 168.35 19.849 46.631 20.817 12.604 0 0 0
Hanna during 168.95 20.909 34.367 20.234 16.551 7.033 0.82 0
Hanna during 169.35 24.016 51.62 19 4.834 0.419 0 0
Hanna during 169.65 19.05 48.096 28.722 3.95 0.086 0 0
Hanna during 170.1 20.969 50.579 25.515 2.822 0.014 0 0
Hanna during 170.4 18.111 41.792 27.229 8.732 3.454 0.597 0
Hanna during 170.7 24.294 52.056 16.02 6.086 1.434 0 0
Hanna during 170.85 20.771 50.906 24.786 3.336 0.1 0 0
Hanna during 171.25 32.197 52.819 12.027 2.687 0.139 0 0
Hanna during 171.55 26.685 55.897 15.933 1.365 0 0 0
Hanna during 171.75 26.388 53.129 16.641 3.695 0.029 0 0
Hanna during 171.95 25.897 57.085 14.488 2.343 0.067 0 0
Hanna during 172.35 20.566 41.053 18.621 11.88 6.427 1.361 0
Hanna during 172.65 21.51 47.448 23.643 6.848 0.45 0 0
Hanna during 173.05 22.634 46.629 18.442 8.896 3.125 0.173 0
Hanna during 173.18 23.85 43.413 28.033 4.605 0 0 0
Hanna during 173.63 14.84 39.148 40.976 4.956 0 0 0
Hanna during 173.9 21.402 54.042 22.798 1.653 0 0 0
Hanna during 174.03 10.144 28.74 30.742 11.791 6.813 11.713 2.803
Hanna during 174.3 26.27 54.969 17.549 1.094 0 0 0
Hanna during 174.5 25.729 52.255 20.787 1.116 0 0 0
Hanna during 174.7 20.441 42.302 33.633 3.457 0.077 0 0
Hanna during 175.75 30.496 52.936 15.142 1.304 0 0 0
Hanna during 176.15 23.887 43.625 29.463 2.927 0 0 0
Hanna during 176.75 29.391 53.345 16.132 1.013 0 0 0
Hanna during 180.15 17.806 42.467 35.254 4.384 0 0 0
Hanna during 192.95 53.096 39.311 5.618 1.853 0 0 0
Hanna during 195.85 30.875 46.344 22.691 0 0 0 0
Hanna after 214.2 11.277 39.181 43.313 6.101 0.054 0 0
Hanna after 214.45 10.007 32.655 46.122 7.781 2.808 0.563 0
Hanna after 216.87 7.488 24.557 50.183 16.226 1.236 0.258 0
Hanna after 218.87 14.382 35.096 38.138 11.593 0.666 0.05 0
Hanna after 219.27 13.633 25.868 30.597 28.168 1.413 0.258 0
Hanna after 219.77 21.281 30.502 35.088 12.983 0.073 0 0
Hanna after 254.14 24.807 32.515 22.852 15.553 3.825 0.366 0
Hanna after 256.69 42.994 37.041 11.348 6.125 1.921 0.455 0
Hanna after 257.59 51.091 34.684 9.247 3.525 1.149 0.198 0
Hanna after 258.34 36.729 39.603 16.056 7.072 0.436 0 0
Hanna after 258.94 31.682 42.401 18.585 5.616 1.364 0.25 0
Hanna after 259.34 43.627 35.282 12.12 6.063 2.246 0.55 0
Hanna after 259.44 19.745 27.923 26.714 25.547 0 0 0
Hanna after 260.59 43.709 40.755 10.55 3.663 1.033 0.177 0
Hanna after 267.28 35.315 39.815 17.5 6.213 1.05 0 0
Hanna after 268.43 28.642 43.094 25.159 2.985 0.016 0 0
Hanna after 277.25 26.752 46.628 21.9 4.483 0.139 0 0
Hanna after 277.75 25.79 43.488 25.057 4.588 0.71 0.277 0
Hanna after 278.95 74.437 21.82 1.845 1.816 0 0 0
Piceance before 0 6.239 12.214 20.911 30.821 21.321 8.464 0
Piceance before 2.55 7.053 11.347 9.636 13.18 24.381 34.375 6.311
Piceance before 3.65 14.191 29.652 43.1 7.554 1.066 4.368 0
Piceance before 4.45 10.533 23.399 39.304 21.179 4.497 1.034 0
Piceance before 5.55 23.067 54.296 18.637 3.883 0 0 0
Piceance before 10.3 11.995 25.332 27.135 20.969 11.471 3.043 0
Piceance before 15.3 4.445 9.101 13.257 23.156 27.695 22.324 1.798
Piceance before 16.8 13.423 34.357 40.752 10.268 1.038 0.094 0
Piceance before 17.55 13.885 31.63 24.993 6.6 9.365 13.459 1.027
Piceance before 19.35 13.873 30.339 31.251 13.499 7.443 3.529 0
Piceance before 19.95 3.192 9.196 23.146 38.181 19.794 6.47 0
Piceance before 20.25 8.868 16.914 22.516 24.807 19.701 7.153 0
Piceance before 21.35 12.234 24.178 32.43 19.602 8.463 3.036 0
Piceance before 22.76 9.064 22.776 35.974 23.828 7.273 1.034 0
Piceance before 23.85 8.808 30.756 35.375 18.845 5.33 0.831 0
Piceance before 24.8 5.787 11.695 33.938 46.162 2.387 0 0
Piceance before 26.85 7.904 18.099 30.855 34.25 6.404 2.447 0
Piceance before 27.6 10.591 25.816 42.919 16.379 3.541 0.7 0
Piceance before 28.3 9.422 19.991 30.382 24.777 11.591 3.791 0
Piceance before 29.1 8.008 16.357 18.512 15.045 13.773 28.268 8.832
Piceance before 30.2 10.063 25.563 31.294 23.244 8.144 1.641 0
Piceance before 30.99 29.301 29.645 21.294 17.454 2.221 0 0
Piceance before 32.7 6.468 13.321 23.613 28.559 12.175 15.832 4.699
Piceance before 33.15 4.839 9.078 22.917 41.893 10.328 10.92 2.826
Piceance before 34 6.826 17.394 30.774 37.531 7.292 0.143 0
Piceance before 35.1 7.014 22.684 44.018 21.527 4.136 0.576 0
Piceance before 35.45 9.544 29.657 39.93 14.543 3.513 2.756 0.283
Piceance before 36 6.661 17.824 32.901 34.54 7.146 0.888 0
Piceance before 36.8 5.344 11.487 19.393 29.384 13.747 20.617 6.682
Piceance before 37.35 8.424 17.702 15.587 12.148 12.102 33.999 11.61
Piceance before 39.3 7.055 26.849 37.292 25.573 3.138 0.042 0
Piceance before 40.1 19.94 44.087 19.665 9.205 5.394 1.607 0
Piceance before 45.55 14.555 42.913 21.759 17.61 2.955 0.123 0
Piceance before 47.85 8.04 21.539 40.983 23.918 2.346 3.125 0.52
Piceance before 48.25 7.131 14.813 28.89 43.611 5.184 0.332 0
Piceance before 49 9.91 36.851 50.492 2.681 0 0 0
Piceance before 50.45 8.447 32.392 41.202 15.872 1.38 0.646 0
Piceance before 51 13.053 34.056 44.43 6.682 1.371 0.338 0
Piceance before 51.6 8.809 30.326 54.228 6.578 0 0 0
Piceance before 53.25 34.216 58.657 6.714 0.26 0 0 0
Piceance during 60.15 10.523 38.882 48.388 2.138 0 0 0
Piceance during 61.05 11.605 52.944 35.366 0 0 0 0
Piceance during 62.57 9.519 42.223 47.009 1.181 0 0 0
Piceance during 66.95 9.706 22.686 23.426 40.485 3.557 0.087 0
Piceance during 91.45 8 20.372 32.581 29.89 6.735 2.377 0
Piceance during 91.55 4.636 12.539 18.556 21.791 9.795 32.655 14.375
Piceance during 96.55 8.373 21.226 54.477 15.196 0.566 0.113 0
Piceance during 109.95 27.999 45.695 16.428 8.492 1.263 0 0
Piceance during 112.55 6.952 22.894 44.341 25.764 0 0 0
Piceance during 114.05 8.341 25.097 57.364 9.145 0 0 0
Piceance during 115.15 11.059 33.731 34.602 20.536 0 0 0
Piceance during 117.55 8.345 26.576 38.704 20.146 5.379 0.797 0
Piceance during 117.85 7.718 20.556 27.623 31.184 10.523 2.353 0
Piceance after 118.05 9.938 30.716 41.343 13.364 3.835 0.744 0
Piceance after 118.35 7.804 25.221 42.922 19.375 4.141 0.487 0
Piceance after 119.15 5.398 15.089 31.042 32.07 12.132 4.234 0
Piceance after 120.15 9.4 26.575 31.376 19.977 9.695 2.921 0
Piceance after 120.75 6.729 22.769 54.47 14.673 1.048 0.262 0
Piceance after 121.85 8.964 12.849 41.686 36.459 0 0 0
Piceance after 123.35 8.443 27.334 26.332 31.536 6.283 0.016 0
Piceance after 129.55 6.865 19.738 26.031 14.473 13.498 19.355 4.48
Piceance after 131.05 6.905 16.77 25.922 32.849 14.265 3.25 0
Piceance after 133.05 8.023 21.822 37.105 23.438 7.283 2.281 0
Piceance after 133.65 8.567 22.679 30.708 25.051 9.988 2.958 0
Piceance after 133.75 6.143 15.71 27.67 30.621 14.855 4.966 0
Piceance after 134.85 13.894 46.492 29.997 6.844 2.196 0.494 0
Piceance after 136.1 15.943 24.672 33.98 25.344 0 0 0
Piceance after 137.55 5.76 16.027 21.017 20.311 19.386 17.464 1.233
Piceance after 142.15 8.55 27.008 39.683 21.793 2.711 0.198 0
Piceance after 143.65 10.668 32.22 32.278 16.393 6.888 1.492 0
Piceance after 145.15 10.431 40.577 45.306 3.529 0.086 0 0
Piceance after 145.45 11.983 46.357 36.258 2.438 2.197 0.688 0
Piceance after 145.8 8.203 24.213 40.182 24.072 2.787 0.49 0
Piceance after 146 7.816 20.308 24.682 22.942 16.052 8.157 0.054
Piceance after 147.1 7.253 19.982 24.958 23.74 16.837 7.189 0
Piceance after 148.1 5.418 14.565 25.445 29.605 16.982 7.952 0.065
Piceance after 148.7 7.335 19.481 21.974 26.005 18.016 7.147 0
Piceance after 149.15 17.336 28.529 51.326 2.749 0 0 0
Piceance after 149.6 7.006 20.567 43.334 21.957 4.052 3.038 0.168
Piceance after 150 4.112 10.601 23.208 28.951 20.589 12.514 0.261
clay silt sand
40.204 57.51 2.149
17.642 58.957 23.312
52.995 45.511 1.363
16.382 41.01 42.545
19.599 56.507 23.83
14.196 51.709 34.047
9.962 43.613 46.385
24.076 69.41 6.433
43.199 55.437 1.223
39.442 58.937 1.489
30.389 68.596 0.909
30.157 67.697 2.043
19.796 73.9 6.213
30.98 67.859 1.036
27.792 70.756 1.331
38.177 59.933 1.752
36.457 60.779 2.627
20.742 71.591 7.587
24.471 65.538 9.884
7.339 19.927 72.712
21.238 75.834 2.828
21.416 77.414 1.069
19.867 78.486 1.55
24.27 71.067 4.557
22.98 74.915 1.998
26.719 72.338 0.825
28.344 70.813 0.719
22.935 76.955 0
30.71 64.665 4.503
32.734 66.463 0.665
32.988 66.075 0.8
29.318 68.46 2.097
28.263 66.196 5.421
23.876 65.754 10.264
42.771 47.636 9.46
22.024 70.617 7.258
17.161 43.582 39.182
27.758 71.099 1.021
21.967 77.114 0.806
33.295 65.068 1.502
26.009 71.791 2.093
36.184 62.55 1.127
35.663 62.917 1.286
14.88 53.21 31.857
33.882 54.971 11.059
32.424 52.047 15.443
23.013 70.318 6.563
18.907 76.84 4.165
25.127 66.192 8.575
28.626 68.187 3.074
27.374 53.12 19.409
19.395 74.962 5.543
19.393 74.383 6.13
18.011 78.008 3.89
45.43 53.123 1.311
13.64 39.867 46.448
13.617 60.328 26.002
8.175 66.579 25.197
8.441 78.467 13.037
7.488 67.264 25.201
8.994 73.583 17.363
9.384 63.832 26.73
11.601 82.006 6.324
9.778 67.673 22.493
13.95 65.236 20.739
15.829 79.221 4.864
12.584 73.459 13.887
14.086 59.883 25.96
18.207 78.342 3.352
12.089 68.878 18.967
12.934 79.674 7.318
9.969 63.584 26.392
35.721 63.003 1.153
14.478 75.353 10.085
12.402 63.927 23.606
14.616 77.096 8.211
14.569 75.077 10.275
25.494 73.021 1.364
11.63 64.657 23.647
14.436 78.577 6.907
17.835 70.213 11.871
19.191 68.394 12.327
8.536 52.828 38.587
8.123 58.415 33.416
19.849 67.448 12.604
20.909 54.601 24.404
24.016 70.62 5.253
19.05 76.818 4.036
20.969 76.094 2.836
18.111 69.021 12.783
24.294 68.076 7.52
20.771 75.692 3.436
32.197 64.846 2.826
26.685 71.83 1.365
26.388 69.77 3.724
25.897 71.573 2.41
20.566 59.674 19.668
21.51 71.091 7.298
22.634 65.071 12.194
23.85 71.446 4.605
14.84 80.124 4.956
21.402 76.84 1.653
10.144 59.482 33.12
26.27 72.518 1.094
25.729 73.042 1.116
20.441 75.935 3.534
30.496 68.078 1.304
23.887 73.088 2.927
29.391 69.477 1.013
17.806 77.721 4.384
53.096 44.929 1.853
30.875 69.035 0
11.277 82.494 6.155
10.007 78.777 11.152
7.488 74.74 17.72
14.382 73.234 12.309
13.633 56.465 29.839
21.281 65.59 13.056
24.807 55.367 19.744
42.994 48.389 8.501
51.091 43.931 4.872
36.729 55.659 7.508
31.682 60.986 7.23
43.627 47.402 8.859
19.745 54.637 25.547
43.709 51.305 4.873
35.315 57.315 7.263
28.642 68.253 3.001
26.752 68.528 4.622
25.79 68.545 5.575
74.437 23.665 1.816
6.239 33.125 60.606
7.053 20.983 78.247
14.191 72.752 12.988
10.533 62.703 26.71
23.067 72.933 3.883
11.995 52.467 35.483
4.445 22.358 74.973
13.423 75.109 11.4
13.885 56.623 30.451
13.873 61.59 24.471
3.192 32.342 64.445
8.868 39.43 51.661
12.234 56.608 31.101
9.064 58.75 32.135
8.808 66.131 25.006
5.787 45.633 48.549
7.904 48.954 43.101
10.591 68.735 20.62
9.422 50.373 40.159
8.008 34.869 65.918
10.063 56.857 33.029
29.301 50.939 19.675
6.468 36.934 61.265
4.839 31.995 65.967
6.826 48.168 44.966
7.014 66.702 26.239
9.544 69.587 21.095
6.661 50.725 42.574
5.344 30.88 70.43
8.424 33.289 69.859
7.055 64.141 28.753
19.94 63.752 16.206
14.555 64.672 20.688
8.04 62.522 29.909
7.131 43.703 49.127
9.91 87.343 2.681
8.447 73.594 17.898
13.053 78.486 8.391
8.809 84.554 6.578
34.216 65.371 0.26
10.523 87.27 2.138
11.605 88.31 0
9.519 89.232 1.181
9.706 46.112 44.129
8 52.953 39.002
4.636 31.095 78.616
8.373 75.703 15.875
27.999 62.123 9.755
6.952 67.235 25.764
8.341 82.461 9.145
11.059 68.333 20.536
8.345 65.28 26.322
7.718 48.179 44.06
9.938 72.059 17.943
7.804 68.143 24.003
5.398 46.131 48.436
9.4 57.951 32.593
6.729 77.239 15.983
8.964 54.535 36.459
8.443 53.666 37.835
6.865 45.769 51.806
6.905 42.692 50.364
8.023 58.927 33.002
8.567 53.387 37.997
6.143 43.38 50.442
13.894 76.489 9.534
15.943 58.652 25.344
5.76 37.044 58.394
8.55 66.691 24.702
10.668 64.498 24.773
10.431 85.883 3.615
11.983 82.615 5.323
8.203 64.395 27.349
7.816 44.99 47.205
7.253 44.94 47.766
5.418 40.01 54.604
7.335 41.455 51.168
17.336 79.855 2.749
7.006 63.901 29.215
4.112 33.809 62.315
